450 Days of Type II SN 2013ej in Optical and Near-Infrared by Yuan, Fang et al.
ar
X
iv
:1
60
5.
06
11
7v
1 
 [a
str
o-
ph
.SR
]  
19
 M
ay
 20
16
MNRAS 000, 1–23 (2016) Preprint 13 March 2018 Compiled using MNRAS LATEX style file v3.0
450 Days of Type II SN 2013ej in Optical and
Near-Infrared
Fang Yuan,1,2⋆ A. Jerkstrand3, S. Valenti4, J. Sollerman5, I. R. Seitenzahl1,2,
A. Pastorello6, S. Schulze7,8, T.-W. Chen9, M. J. Childress1,2,10, M. Fraser11,
C. Fremling5, R. Kotak3, A. J. Ruiter1,2, B. P. Schmidt1,2, S. J. Smartt3, F. Taddia5,
G. Terreran3,6, B. E. Tucker1,2, C. Barbarino12,6, S. Benetti6, N. Elias-Rosa6, A. Gal-
Yam13, D. A. Howell14,15, C. Inserra3, E. Kankare3, M. Y. Lee16, K. L. Li17,18,
K. Maguire3, S. Margheim19, A. Mehner20, P. Ochner6, M. Sullivan10, L. Tomasella6,
D. R. Young3,
1Research School of Astronomy and Astrophysics, Australian National University, Canberra, ACT 2611, Australia
2ARC Centre of Excellence for All-sky Astrophysics (CAASTRO)
3Astrophysics Research Centre, School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, UK
4Department of Physics, University of California, Davis, CA 95616, USA
5The Oskar Klein Centre, Department of Astronomy, Stockholm University, AlbaNova, 10691, Stockholm, Sweden
6INAF - Osservatorio Astronomico di Padova, Vicolo dellO˜Osservatorio 5, 35122 Padova, Italy
7Instituto de Astrof´ısica, Facultad de F´ısica, Pontificia Universidad Cato´lica de Chile, Vicun˜a Mackenna 4860, 7820436 Macul, Santiago, Chile
8Millennium Institute of Astrophysics, Vicun˜a Mackenna 4860, 7820436 Macul, Santiago, Chile
9Max-Planck-Institut fu¨r Extraterrestrische Physik, Giessenbachstraße 1, 85748, Garching, Germany
10Department of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, UK
11Institute of Astronomy, University of Cambridge, Madingley Rd., Cambridge, CB3 0HA, UK
12Dip. di Fisica and ICRA, Sapienza Universita’ di Roma, Piazzale Aldo Moro 5, I-00185 Rome, Italy
13Benoziyo Center for Astrophysics, Weizmann Institute of Science, 76100 Rehovot, Israel
14Las Cumbres Observatory Global Telescope Network, 6740 Cortona Dr., Suite 102, Goleta, CA 93117, USA
15Department of Physics, University of California, Santa Barbara, Broida Hall, Mail Code 9530, Santa Barbara, CA 93106-9530, USA
16Taipei First Girls’ High School, Taiwan
17Department of Physics and Astronomy, Michigan State University, East Lansing, MI48824, USA
18Institute of Astronomy and Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
19Gemini Observatory, Southern Operations Center, Casilla 603, La Serena, Chile
20European Southern Observatory, Alonso de Co´rdova 3107, Vitacura Casilla 19001, Santiago, Chile
Accepted XXX. Received YYY; in original form ZZZ
ABSTRACT
We present optical and near-infrared photometric and spectroscopic observations of
SN 2013ej, in galaxy M74, from 1 to 450 days after the explosion. SN 2013ej is a
hydrogen-rich supernova, classified as a Type IIL due to its relatively fast decline
following the initial peak. It has a relatively high peak luminosity (absolute magnitude
MV = -17.6) but a small
56Ni production of ∼0.023 M⊙. Its photospheric evolution
is similar to other Type II SNe, with shallow absorption in the Hα profile typical for
a Type IIL. During transition to the radioactive decay tail at ∼100 days, we find the
SN to grow bluer in B − V colour, in contrast to some other Type II supernovae. At
late times, the bolometric light curve declined faster than expected from 56Co decay
and we observed unusually broad and asymmetric nebular emission lines. Based on
comparison of nebular emission lines most sensitive to the progenitor core mass, we
find our observations are best matched to synthesized spectral models with a MZAMS =
12− 15 M⊙ progenitor. The derived mass range is similar to but not higher than the
mass estimated for Type IIP progenitors. This is against the idea that Type IIL are
from more massive stars. Observations are consistent with the SN having a progenitor
with a relatively low-mass envelope.
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1 INTRODUCTION
Massive stars die young and spectacularly as core-collapse
supernovae (CCSNe). Luminous SN explosions allow us to
study individual stars in distant galaxies, unraveling their
life stories and those of their host galaxies. How a star dies
depends on how it was born in its specific host environment.
The energy and heavy elements released during the SN ex-
plosion in turn enrich the environment and affect the next
generation of stars. A central piece to understand this ecol-
ogy is the mapping between types of progenitor stars and
the observed variety of SNe.
About half of all CCSNe show hydrogen P-Cygni pro-
files in their spectra and display a prolonged plateau phase in
their optical light curve (Li et al. 2011; Smith et al. 2011).
These SNe are accordingly designated as Type II-Plateau
(IIP). Type IIPs are believed to be produced by rela-
tively low-mass progenitors that have retained their hydro-
gen envelope until the explosion. The most concrete evi-
dence for this connection is the direct detection of red super-
giant (RSG) progenitors for very nearby (∼<30 Mpc) Type
IIP SNe (Smartt 2009). These RSGs have masses ranging
from 8 to 16 M⊙. This mass range of Type IIP progeni-
tors is further supported by comparing supernova observ-
ables to the predicted explosion outcome from realistic stel-
lar models (e.g. Dessart et al. 2010; Jerkstrand et al. 2012;
Dessart et al. 2013; Jerkstrand et al. 2015).
The closest cousins to Type IIP SNe are the so-called
Type II-Linear (IIL). Typical Type IIL SNe share similar
spectroscopic properties as the Type IIP events; while their
light curves decay linearly in magnitudes after peak. Despite
early evidence of two distinct populations (e.g. Arcavi et al.
2012), recent studies of large samples have suggested that
Type IIL and Type IIP SNe form a continuum in observed
properties (e.g. Anderson et al. 2014; Sanders et al. 2015;
Gall et al. 2015; Rubin & Gal-Yam 2016). We will therefore
follow the recent literature and refer to these SNe collectively
as Type II. This category does not include the peculiar sub-
classes of hydrogen-rich SNe and the Type IIb SNe, which
have likely lost most of its hydrogen envelope and evolve to
look like a Type I at late times.
The extended hydrogen-rich envelope dominates the
ejecta mass of a Type II SN and plays an important role
in shaping the early SN light curve. However, the mass and
structure of this envelope is strongly affected by poorly un-
derstood processes such as mass loss and binary evolution.
In contrast, evolution of the core of the progenitor star is
largely unaffected by these processes, as long as they oc-
cur post-main sequence. The mass of the progenitor metal
core is a sensitive probe of the main-sequence mass of the
star (Woosley et al. 2002; Woosley & Heger 2007). Together
with its pre-SN properties, the initial mass of a star con-
strains how it has evolved until the explosion.
Nearby Type II SNe are valuable targets because they
can be monitored for a long time after the explosion. When
the outer ejecta have expanded and become optically thin,
the core is revealed. During this nebular phase, emission lines
form predominantly in the dense core region, with profiles
shaped by the density and velocity distribution. Modeling of
the nebular phase spectra has proved to be a powerful way
to distinguish between progenitor models (Dessart & Hillier
2011; Jerkstrand et al. 2012).
SN 2013ej exploded in the face-on spiral galaxy Messier
74 (M74, also known as NGC 628) in July 2013. It was spec-
troscopically classified as a young Type II SN shortly after
the discovery (Valenti et al. 2014). Direct identification of a
progenitor star has been suggested by Fraser et al. (2014).
The mass of the progenitor was estimated to be between 8
and 15.5 M⊙. However, due to contamination from a nearby
source, additional observations after the SN has faded are re-
quired to confirm the association and further constrain the
progenitor properties.
Based on the temperature evolution during the first few
weeks after shock breakout, Valenti et al. (2014) derived a
progenitor radius of 400 – 600 R⊙. This is consistent with
the measured luminosity of the proposed RSG progenitor
(Fraser et al. 2014) and a M-type supergiant stellar effective
temperature.
Late time photometry has established that SN 2013ej
ejected merely 0.02 M⊙ of radioactive
56Ni (Bose et al.
2015b; Huang et al. 2015; Dhungana et al. 2016). Bose et al.
(2015b) used a semi-analytical model to derive an ejecta
mass of 12 M⊙, a progenitor radius of 450 R⊙ and an ex-
plosion energy of ∼ 2 × 1051 erg. A slightly smaller ejecta
mass of around 10.6 M⊙ was estimated by hydrodynamical
modeling in Huang et al. (2015). Chakraborti et al. (2016)
have used X-ray observations to infer the mass loss rate and
derive a model-dependent zero-age main sequence (ZAMS)
mass of around 14 M⊙ for the progenitor. All these models
are consistent with the current constraints from the direct
detection of the progenitor star.
In this paper, we present the largest data set of multi-
band optical and near-infrared (NIR) photometry and spec-
troscopy for SN 2013ej, acquired from 1 to 450 days after the
explosion. Using the spectral synthesis models developed in
Jerkstrand et al. (2014), we take the first quantitative look
at the nucleosynthesis of SN 2013ej.
Observations and data reduction procedures are pre-
sented in §2. This is followed by a detailed look at the pho-
tometric evolution in §3. We examine the early spectroscopic
evolution of SN 2013ej in §4; then in §5, we inspect the late
time spectra in light of synthesized spectral models from
Jerkstrand et al. (2014). Implications of our results are dis-
cussed in §6 and we conclude in §7.
For analysis throughout the paper, we adopt a Galac-
tic extinction of E(B − V )=0.06 mag (RV=3.1) along the
line of sight to the SN (Schlafly & Finkbeiner 2011) and
zero reddening from the host galaxy. Negligible extinction
is consistent with the non-detection of Na ID absorption
at the host redshift (Valenti et al. 2014). We use a host
galaxy recession velocity of 657 km s−1. A range of dis-
tances (between 6.7 and 10.2 Mpc1) have been estimated for
the host galaxy M74. Using our measured I-band magnitude
(12.50± 0.05 mag at day 50 after correction for extinction),
photospheric velocity (4450 ± 50 km s−1 at day 50 mea-
sured from absorption minima of Fe II 5169A˚ and 5018A˚)
and H0 of 70 km s
−1 Mpc−1 (Bennett et al. 2013), we esti-
mate a distance of 10.2± 0.9 Mpc (eq (1) of Polshaw et al.
2015). Considering other distances derived from SN 2013ej
(Rodr´ıguez et al. 2014; Dhungana et al. 2016), we assume a
1 http://ned.ipac.caltech.edu/
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mean distance of 9.7±0.5 Mpc, where the uncertainty is the
standard deviation of the different measurements.
2 OBSERVATIONS
2.1 Optical Photometry
The LCOGT network started an extensive monitoring
campaign of SN 2013ej a few days after its discovery
(Valenti et al. 2014). Multi-band (UBV RIgriz) photomet-
ric observations were carried out with nine 1-m telescopes.
We measure aperture photometry with Source Extractor
(Bertin & Arnouts 1996). The gri-band observations are cal-
ibrated against the AAVSO Photometric All-Sky Survey2
DR7 catalog using field stars. Calibration uncertainties are
added to the statistical errors in quadrature. For other op-
tical bands, photometry of local reference stars are derived
from observations of standard stars in photometric condi-
tions.
SN 2013ej was serendipitously detected by the 1-m tele-
scope at the Lulin Observatory in Taiwan (LOT) when the
field of M74 was observed as part of a training program at
Taipei First Girls’ High School (Lee et al. 2013). We mea-
sure aperture photometry with Source Extractor and ap-
ply the same calibration as for the LCOGT observations.
The discrepancy between magnitudes reported in Lee et al.
(2013) and this paper is mainly due to differences in calibra-
tion catalogs being used.
SN 2013ej was also imaged at the two telescopes of
the Mt. Ekar observing station of the INAF - Astronomical
Observatory of Padova: 10 epochs were obtained using the
Schmidt 67/92-cm Telescope equipped with an SBIG STL
CCD with Kodak KAI-11000M (4049x2672 px) Dual Sen-
sor; 1 epoch was obtained using the 1.82-m Copernico Tele-
scope equipped with AFOSC. Images were overscan, bias
and flat-field corrected. Photometric measurements were ob-
tained with the PSF-fitting technique, using the SNOoPY3
package, and calibrated with reference to the magnitudes of
the LCOGT reference stars.
On Aug 15, 2014, approximately one year after its dis-
covery, SN 2013ej was imaged by ESO New Technology
Telescope (NTT) with the ESO Faint Object Spectrograph
and Camera (EFOSC2). No APASS stars are covered by
the EFOSC2 field-of-view. We perform aperture photome-
try with Source Extractor and use identified point sources
to tie the calibration to the LCOGT observations.
On the nights of Oct 19, 21 and 23 in 2014, SN 2013ej
was imaged in the V -band by the X-shooter (Vernet et al.
2011) Acquisition and Guiding camera on the Very Large
Telescope (VLT). We calibrate the photometry relative to
point sources identified in the NTT V -band image and take
the weighted mean of the three observations.
All optical and NIR photometry data are listed in Ta-
ble 2.
2 http://www.aavso.org/apass
3 SuperNOva PhotometrY, a package for SN photometry imple-
mented in IRAF by E. Cappellaro;
http://sngroup.oapd.inaf.it/snoopy.html
2.2 NUV Photometry
SN 2013ej was observed by the Ultraviolet/Optical Tele-
scope (UVOT; Roming et al. 2005) onboard the SWIFT
satellite from 2013 July 30.87 UT. Near-UV photometry (in
uvw1, uvm2 and uvw2-band) has been measured using an
aperture of 3′′ following the approach of Brown et al. (2009).
2.3 Optical Spectroscopy
Spectroscopic time series were obtained for SN 2013ej
as part of the PESSTO4 campaign. Spectra taken with
NTT EFOSC2 were reduced with the PESSTO pipeline
(Smartt et al. 2015).
Early spectra of SN 2013ej were obtained with the
robotic FLOYDS spectrograph mounted on the Faulkes
Telescope South (FTS) at Siding Spring Observatory in Aus-
tralia and the Faulkes Telescope North (FTN) at Haleakala
Observatory in the U.S. state of Hawaii. Most of these ob-
servations have been used in the analysis of Valenti et al.
(2014). Observations that are not previously published are
listed in Table 1.
Some spectra of SN 2013ej were collected using the
Wide Field Spectrograph (WiFeS; Dopita et al. 2007, 2010)
on the Australian National University (ANU) 2.3-m tele-
scope at Siding Spring Observatory in northern New South
Wales, Australia. WiFeS spectra were obtained using the
B3000 and R3000 gratings, providing wavelength coverage
from 3500 A˚ to 9600 A˚ with a resolution of 1.5 A˚ and
2.5 A˚ (all reported instrument resolutions are full width at
half-maximum intensity, FWHM, of night sky lines) in the
blue and red channels, respectively. Data cubes for WiFeS
observations were produced using the PyWiFeS software
(Childress et al. 2014).
Spectra of SN 2013ej were obtained using the 1.82-m
Copernico Telescope (+ AFOSC) and the 1.22-m Galileo
Telescope of the Astrophysical Observatory of Asiago
(Padua University) equipped with a B&C spectrograph.
AFOSC spectra were obtained using the grism#4 (range
3500-8200 A˚; resolution ∼ 14 A˚) and the VPH6 (range 4700-
10050 A˚; resolution 15 A˚). The B&C spectra were obtained
using the 300 lines/mm grating with a wavelength range
3400-7950 A˚ and a typical resolution of 7 A˚. Spectroscopic
data reduction has been performed in a standard manner,
using tasks available in the IRAF environment.
One spectrum was obtained on Aug 12, 2013 using
Gemini Multi-Object Spectrograph (GMOS) on the Gem-
ini South telescope, with the R400 grating and the 1.5 ′′
longslit. Data were reduced using standard reduction tasks
in IRAF.
Additional nebular spectra were obtained with X-
shooter (Vernet et al. 2011) on the VLT on Oct 19, 21 and
23, 2014. The data were reduced with the ESO X-shooter
pipeline5 (version 2.5.2) and the Reflex interface. We use
the median spectrum of the three epochs for our analysis.
All spectra that are not yet public will be available
on the Weizmann Interactive Supernova Data Repository6
4 Public ESO Spectroscopic Survey of Transient Objects,
www.pessto.org/
5 http://www.eso.org/sci/software/pipelines/xshooter/
6 http://wiserep.weizmann.ac.il
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(WISeREP; Yaron & Gal-Yam 2012) once the paper is pub-
lished.
2.4 NIR observations
We secured near-IR (JHK) observations with the 60-cm
Rapid-Eye-Mount (REM) telescope at the ESO La Silla Ob-
servatory (Chile) between 2013 August 3 and 2014 January
10. Each epoch consisted of a series of dithered images where
each dither cycle comprised of five images. The integration
time of a sub-image was 15 s in J and H band, and 10 s
in K band. The NIR images were reduced with standard
routines in IRAF. For each dither cycle we constructed a
sky image. After subtracting the sky from each image, these
images were registered with alipy v2.0 and coadded.7. The
world coordinate system was calibrated with the software
package astrometry.net (Lang et al. 2010). The photom-
etry was done with Source Extractor. Once an instrumen-
tal magnitude was established, it was photometrically cali-
brated against the brightness of a number of field stars mea-
sured in a similar manner.
NIR photometric and spectroscopic observations were
obtained with the Son OF ISAAC (SOFI) at NTT, as part
of the PESSTO monitoring. SOFI data were reduced with
the PESSTO pipeline (Smartt et al. 2015).
All NIR photometry is calibrated to the 2MASS
(Skrutskie et al. 2006) catalogue.
NIR spectra are also part of the X-shooter observation
on Oct 21, 2014.
3 PHOTOMETRIC EVOLUTION
We first examine the photometric behavior of SN 2013ej.
Figure 1 shows the observed multi-band light curves of the
supernova in the first year. Our study focuses on the opti-
cal and near-IR observations but we have included near-UV
light curves to be complete. SN 2013ej faded slowly between
50 and 100 days in all observed bands from near-UV to
near-IR. Such an UV plateau is also identified by Bose et al.
(2015b), and pointed out to be among the few well-observed
cases (see e.g. SN 2012aw Bayless et al. 2013).
3.1 Time of Shock Breakout
Shortly after the “shock breakout” of an SN, the emis-
sion is dominated by the expanding and cooling enve-
lope. Following Waxman et al. (2007); Cowen et al. (2010);
Rabinak & Waxman (2011); Roy et al. (2011), we model the
early temporal evolution of the flux at a fixed wavelength as:
fλ =
A
eB(t−t0)α − 1(t− t0)
β (1)
where t0 is the time of explosion, α describes the tempera-
ture evolution and β depends on the expansion of the photo-
spheric radius. Waxman et al. (2007); Rabinak & Waxman
(2011) estimate α to be around 0.5 and β around 1.6, for
t > tBO when the photosphere lies outside the “breakout
shell”. For t < tBO, Rabinak & Waxman (2011) suggest
7 http://obswww.unige.ch/~tewes/alipy/
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Figure 1. Observed multi-band light curves of SN 2013ej in the
first year (up to 177 days after explosion). Near-UV observations
are from Swift UVOT. Optical observations are from LCOGT,
INAF and LOT (first epoch). NIR observations are from REM
and SOFI. Details of the optical and NIR measurements are listed
in Table 2.
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Figure 2. Early light curves of SN 2013ej, compared to models
described in § 3.1. Detection (without measured photometry) on
Jul 24.125 UT is marked by a vertical dashed line.
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Table 1. Spectroscopic observations of SN 2013ej.
UT Date Phasea
Telescope Wavelength
+Instrument(+Setting) Range (A)
13/07/31 +7 Asiago1.2m+BC+300tr 3400 – 7950
13/07/31 +7 ANU 2.3m+WiFeS 3500 – 9250
13/08/01 +8 Asiago1.2m+BC+300tr 3450 – 7950
13/08/02 +9 Asiago1.2m+BC+300tr 3450 – 7950
13/08/03 +10 NTT3.6m+EFOSC2+gr11 3350 – 7400
13/08/03 +10 NTT3.6m+EFOSC2+gr16 6000 – 10250
13/08/03 +10 NTT3.6m+EFOSC2+gr11+gr16 3350 – 10250
13/08/03 +10 Asiago1.2m+BC+300tr 3400 – 7950
13/08/04 +11 NTT3.6m+EFOSC2+gr11+gr16 3350 – 10250
13/08/07 +14 Asiago1.2m+BC+300tr 3450 – 7950
13/08/08 +15 Asiago1.2m+BC+300tr 3400 – 7950
13/08/11 +18 ANU 2.3m+WiFeS 3500 – 9250
13/08/12 +19 Gemini South+GMOS 4250 – 8400
13/08/13 +20 Ekar1.8m+AFOSC 3350 – 8150
13/08/14 +21 NTT3.6m+EFOSC2+gr11+gr16 3350 – 9900
13/08/19 +26 ANU 2.3m+WiFeS 3500 – 9250
13/08/21 +28 Asiago1.2m+BC+300tr 3400 – 7950
13/08/22 +29 Asiago1.2m+BC+300tr 3450 – 7950
13/08/26 +33 NTT3.6m+EFOSC2+gr11+gr16 3350 – 9900
13/08/27 +34 FTS+FLOYDS 3200 – 10000
13/08/29 +36 NTT3.6m+EFOSC2+gr11+gr16 3350 – 10250
13/08/29 +36 FTS+FLOYDS 3200 – 10000
13/08/31 +38 FTS+FLOYDS 3200 – 10000
13/09/02 +40 FTS+FLOYDS 3200 – 10000
13/09/04 +42 Asiago1.2m+BC+300tr 3450 – 7950
13/09/04 +42 FTS+FLOYDS 3200 – 10000
13/09/08 +46 NTT3.6m+EFOSC2+gr11+gr16 3350 – 9900
13/09/12 +50 NTT3.6m+EFOSC2+gr11+gr16 3350 – 10250
13/09/19 +57 ANU 2.3m+WiFeS 3500 – 9250
13/10/02 +70 NTT3.6m+EFOSC2+gr11+gr16 3350 – 10250
13/10/17 +85 Asiago1.2m+BC+300tr 3550 – 7950
13/10/24 +92 ANU 2.3m+WiFeS 3500 – 9250
13/10/26 +94 NTT3.6m+EFOSC2+gr11+gr16 3400 – 10250
13/11/23 +122 NTT3.6m+EFOSC2+gr11+gr16 3400 – 10250
13/12/10 +139 Ekar1.8m+AFOSC 3500 – 10050
13/12/23 +152 NTT3.6m+EFOSC2+gr11+gr16 3400 – 10250
14/01/23 +183b NTT3.6m+EFOSC2+gr11 3400 – 7400
14/01/30 +190b NTT3.6m+EFOSC2+gr16 6000 – 9950
14/08/16 +388 NTT3.6m+EFOSC2+gr13 3650 – 9250
14/10/21c +454 VLT+X-shooter 3250 – 24200
13/08/16 +23 NTT+SOFI+GB+GR 9350 – 25250
13/08/28 +35 NTT+SOFI+GB+GR 9400 – 25250
13/10/03 +71 NTT+SOFI+GB+GR 9400 – 25250
13/10/25 +93 NTT+SOFI +GB+GR 9400 – 25250
13/12/09 +138 NTT+SOFI+GB+GR 9400 – 25250
aPhase relative to shock breakout date of Jul 24.0 (JD = 2456497.5).
bCombined to construct a day 186 spectrum for analysis.
cMedian spectrum of data taken on Oct 19, 21 and 23.
that the same temperature evolution should still be a valid
approximation, while the photospheric radius may have a
steeper dependence on t (equivalent β of up to 2).
For a large progenitor radius (few hundred R⊙, applica-
ble for SN 2013ej), tBO is on the order of 1 day. We choose a
value of 2 for β when fitting the V and R-band light curves
obtained in the first week and find the average best fit t0 to
be Jul 24.1 UT. These models predict the SN to be fainter
than 19th magnitude on Jul 24.125, therefore at odds with
the reported detection (although without photometry) by C.
Feliciano8. A smaller β (e.g. 1.6) would yield an even later
t0 that is inconsistent with the Jul 24.125 detection.
It is likely that equation 1 does not adequately describe
the early light curve. Dhungana et al. (2016) estimated the
date of shock breakout, using early unfiltered optical pho-
tometry, to be Jul 23.9 ± 0.3 UT. For analysis in the rest
of this paper, we adopt a shock-breakout date of Jul 24.0
UT (JD = 2456497.5), the mean of our estimate and that in
Dhungana et al. (2016).
8 http://www.rochesterastronomy.org
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Figure 3. V -band light curve of SN 2013ej, compared to selected
Type II SNe.
3.2 V -band Characteristics
The V -band light curve of SN 2013ej exhibits all features
identified in the V -band light curves of Type II SNe in
Anderson et al. (2014). It first rapidly rose to a peak, then
steadily declined. The decline rate slowed down about 50
days after explosion. After another 50 days or so, the light
curve steepened and the brightness plunged by almost two
magnitudes in 10 days. This leads to a linearly (in magnitude
space) decaying tail until at least a year after explosion.
SN 2013ej clearly declined faster than the prototypi-
cal Type IIP SNe (e.g. SN 1999em and SN 2004et) during
the plateau phase (see Figure 3), which leads to its clas-
sification as a Type IIL SN (Bose et al. 2015b). However,
it shares an important characteristic with the IIPs, which
is a rapid and significant brightness drop during transition
from the plateau to the later tail phase. Such a dramatic
transition suggests that the earlier light curve is powered by
some energy source that ended abruptly. This is understood
for Type IIP SNe as the initial release of thermal energy
is regulated by hydrogen recombination and the transition
happens when the recombination wave reaches the bottom
of the hydrogen-rich envelope. Given its spectroscopic sim-
ilarity to other Type IIP SNe, the same explanation may
apply to SN 2013ej.
The light curve shape of SN 2013ej is not unique. Sev-
eral SNe in the literature have similar decline rates after the
initial peak and some show evidence of a comparable transi-
tion to a tail. A recent well-observed example is SN 2013by
(Valenti et al. 2015). Valenti et al. (2015) have also identi-
fied a few other fast declining SNe that exhibit the drop.
In fact, such transitions are observed in almost all Type IIL
SNe that are monitored long enough but the transition times
appear to be earlier than for the slow declining Type IIPs.
We compare the light curve characteristics of SN 2013ej
to the events presented in Anderson et al. (2014). SN 2013ej
is relatively bright and has a relatively short plateau but
all the measured parameters fall within the typical range.
Figure 4 shows that the decline rate during the plateau phase
and the peak brightness of SN 2013ej follow the trend set
by the majority of the Type II SNe.
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Figure 4. V -band decay rate during the late plateau phase vs
peak absolute V -band magnitude for SN 2013ej, compared to
other Type II SNe from Anderson et al. (2014). The uncertainty
in the peak absolute magnitude is dominated by the uncertainty
in the distance of the SN.
3.3 Color Evolution
The optical colour curves of SN 2013ej are shown in Figure 5,
together with the colour curves of a few other Type II SNe
from the literature. At early times, colours of all SNe grow
redder as the ejecta envelopes cool, although the cooling
rates vary from SN to SN. The B − V colour of SN 2013ej
changed quickly in the first month and appeared to be redder
than the other SNe in the figure. At late times, the colours
of all SNe evolve slowly and are remarkably similar. During
the transition phase from plateau to tail, we observe different
trends for different SNe, especially in the B − V colour. A
detailed comparison around this transition period is shown
in Figure 6, where we plot the colour evolutions relative to
the end of the transition phase or the beginning of the decay
tail.
This “transition time” is chosen for two reasons. First, it
is relatively easy to constrain for typical light curve shapes of
Type II SNe (see below). Second, this transition time should
roughly correspond to the time at which the photosphere
reaches the helium core (Dessart & Hillier 2011). The exact
physical interpretation and the accuracy of the measurement
is not important because the time is only used as a reference
for qualitative comparison between SNe. Determination of
this time does not depend on the explosion epoch, so an
event such as SN 2003gd, which was only discovered near the
end of the plateau phase, can be included in the comparison.
To define this “transition time”, we empirically model
the V -band magnitude around the transition (between 50
and 200 days after the nominal explosion date) with a
smoothed piecewise-linear function (or power-law in flux
space):
mv = a0 + a1t+ a2
(
t− t1
2
+
√
(t− t1)2
4
+ s1
)
+a3
(
t− t2
2
+
√
(t− t2)2
4
+ s2
) (2)
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Figure 5. Optical colour evolution of SN 2013ej, compared to se-
lected Type II SNe. Data for other SNe are from Clocchiatti et al.
(1996, SN 1992H), Sahu et al. (2006, SN 2004et), Pastorello et al.
(2009, SN 2005cs) and Bose et al. (2015a, SN 2013ab). Observed
magnitudes are corrected for total extinctions estimated/used in
the corresponding references.
When s1 = s2 = 0, the function reduces to piecewise-linear.
The light curve shape around the first break time (t1) varies
from SN to SN, but is usually smooth (with large s1). In
contrast, the second break is often sharp. We therefore define
the “transition time” as the second break time (t2) when the
smooth factor s2 is fixed to zero. Examples of the fit for SN
2013ej are shown in the top panel of Figure 6. The transition
time Ttransition is at day 106.1. When this model is tightly
constrained by data, we can also use it to interpolate the
light curves across the transition, as in the case for SN 2013ej
and SN 2013ab (Bose et al. 2015a).
Just before the“transition time”, the B−V colour of SN
2013ej becomes bluer rapidly while SN 2013ab continues to
become redder (but at a faster rate then the earlier plateau
phase, see Figure 6). SN 2003gd behaves similarly to SN
2013ab, as does the sub-luminous SN 2005cs, albeit with a
much more dramatic change in its absolute B − V colour.
SN 2013by, another fast decaying Type II SN, appears to
follow the same trend as SN 2013ej.
The few U -band detections during and after the tran-
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Figure 6. Optical colour evolution of SN 2013ej and selected
Type II SNe, around the transition to the tail phase. Top panel:
examples of smoothed piecewise-linear fit (equation 2, see text
for details) for SN 2013ej. The transition time is defined as the
second break time, when the smooth parameter s2 is fixed to zero
(no smoothing). Middle and bottom panels: colour evolutions rel-
ative to the transition times. For well-sampled light curves of
SN 2013ab and SN 2013ej, we use the smoothed piecewise-linear
model to interpolate the light curves and over-plot the continuous
colour evolutions around the transition. Data for other SNe are
from Hendry et al. (2005, SN 2003gd), Pastorello et al. (2009, SN
2005cs), Bose et al. (2015a, SN 2013ab) and Valenti et al. (2015,
SN 2013by). Observed magnitudes are corrected for total extinc-
tions estimated/used in the corresponding references.
sition suggest the U − B colour of SN 2013ej also becomes
bluer. Unfortunately, no spectrum is available during this
time to see if the evolution is due to change in continuum or
spectral features. Even well-sampled multi-band light curves
are rare in this small time window (∼10 days) around the
transition. Extensively-studied Type II SNe, such as SN
2004et and SN 1999em, have poor photometric coverage dur-
ing the transition phase. It remains to be seen whether the
trend of colour evolution correlates with other light curve
characteristics.
3.4 Bolometric Light Curve
We construct a pseudo-bolometric light curve for SN 2013ej
using our optical and NIR observations. This is done in
two ways. First, we estimate the spectral energy distribu-
tions (SED) with UBgV rRiIJHK photometry from 10 to
170 days after explosion (range covered by J-band). Well-
sampled light curves are interpolated daily with smooth cu-
bic splines before the end of the plateau. After the plateau,
curvature in the light curve is reduced and larger gaps ex-
ist, and we use smooth linear spline fits in magnitude space.
The SEDs constructed from the interpolated photometry are
then integrated from 330 to 2400 nm, assuming flux densi-
ties go to zero linearly towards the boundaries. We have
not included flux at shorter wavelengths in our calculation.
Contribution from near-UV is significant in the first month
(almost 50% at day 12, see Figure 7 in Bose et al. 2015b)
but declines rapidly over time and becomes negligible (less
than 4% at day 40).
Alternatively, we measure fluxes in the same wavelength
range (330 to 2400 nm) by integrating the photometry-
calibrated spectra. For each NIR spectrum, we have at least
one optical spectrum taken within 2 days. Each pair of NIR
and optical spectra is calibrated by photometry to a common
epoch assuming negligible spectral evolution.
Pesudo-bolometric fluxes obtained with the two meth-
ods agree well (see Figure 7). After day 200, photometry
coverage becomes sparse and does not constrain the SED
in NIR. We integrate the X-shooter spectrum at day 454 to
obtain the late bolometric flux. Only V -band photometry is
available at this epoch, so we do not account for uncertainty
due to the relative calibration between optical and NIR. We
plot the V -band flux in Figure 7 for comparison.
We also estimate the fraction of flux above 1000 nm
by integrating the SEDs from 1000 to 2400 nm (lower left
panel of Figure 7). This fraction increases steadily as the
ejecta cool and peaks at around 33 percent at the end of
the plateau. It is not clear whether the flat NIR light curves
between 120 and 140 days (see also Figure 1) are physically
real. Overall, contribution from NIR decreases slowly during
the decay tail, as for other Type II SNe (e.g. Maguire et al.
2010, however the values are not directly comparable to this
work because a different method is used).
After the plateau, the dominating power source is be-
lieved to be radioactive 56Co, a decay product of 56Ni. Bolo-
metric flux can thus be used to estimate the 56Ni production
in the SN explosion. If the γ-rays are fully trapped, the bolo-
metric evolution should follow the decay of 56Co. However,
the light curves of SN 2013ej decayed faster than expected
from 56Co decay. This is also noted by Bose et al. (2015b);
Huang et al. (2015); Dhungana et al. (2016).
To account for γ-ray leakage, we use the following model
to estimate the 56Ni mass:
L = 1.41×1043 mNi (e−t/tCo−e−t/tNi) (1−e−t
2
1
/t2) erg s−1
(3)
where L is the total luminosity; mNi is the
56Ni mass in
units of M⊙ ; t is the time since explosion; tCo and tNi
are the e-folding times of 56Co and 56Ni, taken to be 111.4
and 8.8 days respectively; and t1 is the characteristic time
when the optical depth for γ-rays reaches one. The t−2 de-
pendence for optical depth is due to homologous expansion
(Clocchiatti & Wheeler 1997).
MNRAS 000, 1–23 (2016)
8 F. Yuan et al
0 100 200 300 400 500
Days from Explosion
1039
1040
1041
1042
L 
(e
rg
/s
)
Co Decay
UBgVrRiIzJHK
Spectra
fit day 120 to 150
fit day 140 to 460
fit V-band
1987A
2004et
V-band
0 100 200 300 400 500
Days from Explosion
10
15
20
25
30
35
L
N
IR
 /
 L
 (
p
e
rc
e
n
t)
150 200 250 300 350 400 450 500
Days from Explosion
0.4
0.6
0.8
1.0
1.2
1.4
L 
/ 
L
C
o
Ni=0.020, t1=313d
Ni=0.026, t1=170d
V-band, t1=399d
Figure 7. Bolometric light curve of SN 2013ej. Upper panel:
optical-NIR pseudo-bolometric light curves constructed from pho-
tometry or spectra, compared to V -band flux and bolometric light
curves of SN 1987A and SN 2004et (Maguire et al. 2010). The
V -band and bolometric light curves are fitted by a 56Co decay
model considering γ-ray leakage. Bottom left: NIR contributions
to the pseudo-bolometric light curve. Bottom right: ratio between
measured bolometric flux and 56Co decay model with full γ-ray
trapping. Best fit light curve models are plotted as thick dotted
line (for early bolometric tail), dash-dotted line (for late bolomet-
ric tail) and thin dotted line for V-band. The horizontal dashed
line corresponds to the fraction of trapped γ-ray energy when the
optical depth is one.
For a spherical envelope with uniform density, t1 depend
on the mass Menv and kinetic energy Ek of the envelope:
t1 =
√
9
40pi
κγ
M2env
Ek
(4)
where κγ is the γ-ray opacity (assumed to be 0.033
cm2g−1; Woosley et al. 1989; Seitenzahl et al. 2014), Ek =
(3/10)Menvv
2 and v is the characteristic ejecta velocity. For
SN 1987A, t1 is estimated to be 530 days and the corre-
sponding ejecta mass is 13 M⊙ (see Fig 4.2 in Jerkstrand
2011).
When 56Ni is mixed into the ejecta, γ-ray trapping is
less efficient compared to a centralized 56Ni distribution. The
effective t1 can be evaluated using this equation as the time
when the trapped fraction reaches 63.2%. The ejecta mass
evaluated using equation 4 will be a lower limit.
Using the pseudo-bolometric light curve between 120
and 150 days, we estimate the 56Ni mass to be 0.026 M⊙
and t1 to be 170 days. Bose et al. (2015b) use a similar for-
mulation for the 56Ni decay component in their model and
estimate an equivalent t1 of 173 days. However, this model
underestimated the flux at day 454 by a factor of 3. Yet, we
do not see any abnormal features in the day 454 spectrum
that can account for this additional flux.
Using equation 3 to fit the bolometric flux between 140
and 454 days, we obtain a 56Ni mass of 0.020 M⊙ and a t1 of
313 days (see also lower right panel of Figure 7). This model
is justified if residual radiation from the envelope contributes
to the luminosity shortly after the plateau phase. We also
measure a t1 of 399 days from fitting the V -band light curve.
As shown in Figure 4 of Jerkstrand et al. (2012), the fraction
of light emerging in V -band stays constant up till 400 days
in both models and in the well-studied SN 2004et. The larger
t1 (> 300 days) is therefore preferred.
Considering both possibilities, we estimate the 56Ni
mass produced in SN 2013ej to be 0.023 ± 0.003 M⊙. For
a typical kinetic energy of 1051 erg, the ejecta mass is 5–9
M⊙ (lower value corresponds to smaller t1). The mass esti-
mate scales with
√
Ek. In other words, small t1 (significant
γ-ray leakage) suggests small envelope mass or large kinetic
energy.
4 EARLY SPECTRAL EVOLUTION
4.1 Optical spectra
Figure 8 shows how the optical spectra of SN 2013ej evolved
during the “plateau” phase. The continuum starts hot and
only hydrogen and perhaps also helium P-Cygni features are
visible early on. As the photosphere cools down more lines
appear and grow stronger. The early evolution was discussed
in Valenti et al. (2014) and modeled to constrain the size
of the progenitor. At 20 days after shock break out, Na ID
starts to appear and grows progressively stronger. Before the
transition phase at approximately 100 days, H I, Fe II, Na I
and Ca II dominate the spectra.
We compare SN 2013ej to a few other Type II SNe dur-
ing the photospheric phase in Figure 9. Qualitatively, the
spectra of Type II SNe become indistinguishable after about
50 days from explosion. At early times, several differences
are noted among the group. Around day 10, a clear absorp-
tion feature around 4400 A˚ is only visible in the spectrum of
SN 2013ej. The absorption on the blue side of Hα is identified
as Si II, but not high velocity hydrogen, in both Valenti et al.
(2014) and Bose et al. (2015b).
Shallow absorption in the Hα profile or existence of an
additional component (that fills in the absorption) has been
noted to occur in fast decaying Type II SNe (e.g. Type IIL
SN 2001cy). Gutie´rrez et al. (2014) have found that the ratio
of absorption to emission of Hα correlates with a number of
photometric properties. Fast decliners tend to have smaller
absorption to emission ratios.
Photospheric velocities of SN 2013ej are measured from
the Fe II λ 5018 and λ 5159 absorption minima. The evo-
lution (from ∼10000 to 3000 km s−1 just before the end of
the plateau) is marginally higher but similar to other Type
II SNe such as SN 2004et and SN 2012aw (see e.g. Figure 17
in Bose et al. 2015b).
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Figure 8. Selected spectra of SN 2013ej during photospheric
phase.
4.2 NIR spectra
NIR spectra of SN 2013ej are dominated by the Paschen se-
ries and He I 1.083 µm (Figure 10). In addition, Brackett γ is
clearly visible from day 70 onwards; The emission complex
between 1.15 and 1.2 µm, likely due to Fe I, grows progres-
sively stronger overtime; Mg I 1.504 µm is probably detected
at day 93.
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Figure 9. Spectra of SN 2013ej compared to selected Type II
SNe during the photospheric phase. Comparison spectra are from
Sahu et al. (2006); Quimby et al. (2007); Dall’Ora et al. (2014).
5 LATE-TIME SPECTRAL EVOLUTION
5.1 Optical spectra
After the“plateau”phase, the continuum luminosity plunged
and the spectra became dominated by emission features.
Over time, the ejecta continue to expand and expose deeper
and denser layers of the inner core. As seen in Figure 11,
[O I] λλ6300, 6364 and [Ca II] λλ7291, 7323 grow progres-
sively stronger; while Hα becomes weaker.
The Hα emission profiles of SN 2013ej appear notably
broad and asymmetric. This is illustrated in Figure 12 where
SN 2013ej is compared to two nearby Type II SNe. SN
2003gd exploded in the same host galaxy as SN 2013ej and
has a slightly smaller 56Ni mass of 0.015 M⊙ (Hendry et al.
2005). SN 2004et is closer at 5.5 Mpc and produced 0.062
M⊙ of
56Ni (Jerkstrand et al. 2012). We rescale the spec-
tra of SN 2003gd and SN 2004et by the ratios of 56Ni mass
and to the distance of M74. Scaling with 56Ni mass is justi-
fied as the spectral shapes of SN 2003gd and SN 2004et are
remarkably similar despite of the difference in 56Ni mass.
At around 150 days after explosion, emission lines of
SN 2013ej are considerably broader and more blended. The
difference diminishes over time. At around 450 days after
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Figure 10. NIR spectral series of SN 2013ej during photospheric
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Figure 11. Selected spectra of SN 2013ej during its tail decay
phase. The spectrum at day 454 has been smoothed.
explosion, the optical spectrum of SN 2013ej becomes simi-
lar but fainter at most wavelengths compared to the scaled
spectrum of SN 2004et. The difference may be explained by
a smaller fraction of γ-rays trapped in SN 2013ej.
Among the three events, SN 2003gd has the small-
est amount of 56Ni and the narrowest emission features.
Besides the difference in the line widths, noticeable dif-
ferences exist around Hα, [Ca II] λλ7291, 7323 and Ca II
NIR triplet emissions. Both SN 2003gd and SN 2004et show
stronger Hα and [Ca II] λλ7291, 7323 than SN 2013ej. SN
2003gd displays a particularly strong Ca II λ8542 at day
∼150, but the triplet feature fades and becomes similarly
weak as for SN 2013ej by day ∼450. All three features, Hα,
[Ca II] λλ7291, 7323 and Ca II NIR, are formed mainly in the
hydrogen-rich zone (Li & McCray 1993; Kozma & Fransson
1998; Jerkstrand et al. 2012). The diversity therefore sug-
gests variation of the envelope properties.
5.2 Emission line profiles
We further compare the profiles of the main emission fea-
tures in Figure 13. Using a sample of Type IIP SNe including
SN 2003gd and SN 2004et, Maguire et al. (2012) suggested a
correlation between the 56Ni mass and the FWHM of the Hα
emission lines. SN 2012aw, with a similar 56Ni mass estimate
as SN 2004et (0.06M⊙, Jerkstrand et al. 2014), appears to
have emission lines that are wider than SN 2003gd and some-
what narrower than SN 2004et. SN 2013ej, however, has lines
at least as broad as those of SN 2004et (which produces 2
times more 56Ni). The [O I] λλ6300, 6364 lines are similarly
blended as SN 2004et. Red wings of Hα and [Ca II] λλ7291,
7323 appear even more extended for SN 2013ej than for SN
2004et.
Resemblance between the Hα and [Ca II] λλ7291, 7323
profiles suggests that the broadness is intrinsic, not due to
contamination from nearby features. As seen in the lower
right panel of Figure 13, emission from [Ni II] λ7378 is dis-
cernible for other objects, but not for SN 2013ej.
In Figure 14, we show that the broad and blended [O I]
λλ6300, 6364, Hα and [Ca II] λλ7291, 7323 features can
be explained by two emission components, one blue-shifted
and one red-shifted. The profile parameters are estimated
by least-squares minimization of the residuals. When fitting
the doublet features, we allow the intensity ratio of the two
lines to vary but require this ratio to be the same for both
components. We also require that the doublet lines have the
same width in the same component. Both components have
smallest width in [O I] and largest width in Hα, consistent
with where the lines are formed. The [O I] doublet has as
an intensity ratio I(6300)/I(6364) of 2.8 ± 0.4, indicating
the line is optically thin at this epoch (the ratio is 1 in the
optically thick limit and 3 in the optically thin limit). No
contribution from [Ni II] λ7378 is required for the red wing
of the [Ca II] profile.
5.3 Evolution of Hα emission
Asymmetric Hα profiles have been observed for a few Type
II SNe and suggested to result from CSM interaction, asym-
metry in the line-emitting region (Leonard et al. 2002) or
bipolar 56Ni distribution enclosed in a spherical envelope
(Chugai 2006). Similar to Figure 14, we model the Hα pro-
file with two components and inspect the temporal evolution
of the two components in Figure 15.
The blue-shifted component has a steadily declining
FWHM but a slow shift in central velocity. The red-shifted
component has a roughly constant (and possibly increas-
ing) FWHM but faster evolution in central velocity. Relative
strength of the red-shifted component increases overtime,
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Figure 12. Optical spectra of SN 2013ej compared to other SNe at day ∼150 and ∼450. Spectra of SN 2013ej are de-reddened and flux
calibrated using multi-band photometry interpolated or extrapolated to those epochs. Optical spectra of SN 2003gd (Hendry et al. 2005)
and SN 2004et (Sahu et al. 2006) at similar phases are rescaled by their ratio of 56Ni mass and plotted for comparison. The flux of SN
2004et is rescaled to the distance of M74.
which is opposite to the expected trend caused by dust for-
mation. Qualitatively, the [O I] λλ6300, 6364 feature evolves
similarly, although it is weaker, more complex and harder to
constrain.
5.4 Nebular Spectra and Progenitor Mass
Jerkstrand et al. (2014) have shown that a number of nebu-
lar lines formed in the core are sensitive to the ZAMS mass of
the progenitor. We compare our late time optical spectra to
models from Jerkstrand et al. (2014) in Figure 16. Spectra
are flux calibrated using interpolated or (linearly) extrapo-
lated photometry. The day 186 spectrum is constructed from
two spectra taken on day 183 and day 190, calibrated to a
common photometry epoch. Flux calibration is less depen-
dent on interpolation or extrapolation for some other epochs
(e.g. day 139 and day 388). Comparison using those spectra
yield the same results.
The model spectra are generated for 0.062 M⊙ of
56Ni, so we rescale the model by the ratio of 56Ni
mass (0.023/0.062), in addition to adjustment for distance.
Jerkstrand et al. (2015) have shown that change of 56Ni
mass (by a factor of two) does not change the spectral shape
significantly. Since the models are not generated on the same
days as our observations, we further rescale the fluxes ac-
cording to the model flux decline rate. This last adjustment
is small for day 186 and negligible for day 454.
The [O I] λλ6300, 6364 emission is the most important
diagnostic line for the core mass, because it is a distinct (un-
blended) strong line, reemitting a large fraction of the ther-
malised energy in the O/Ne/Mg zone that contains most
of the synthesized oxygen mass. It is formed close to local
thermal equilibrium and insensitive to ionization condition
(Jerkstrand et al. 2012, 2014). In the middle panel of Fig-
ure 16, we find that the 12 M⊙ (ZAMS) model matches the
strength of [O I] λλ6300, 6364 well; while the 15 and 19 M⊙
models over-estimate the strength of the line. The observed
Mg I] λ4571 and Na ID lines are weak, also in favour of the
lower mass model.
All models over-predict the peak strength of Hα, [Ca II]
λλ7291, 7323 and the Ca II NIR triplet, especially at late
times. Our ability to infer the progenitor core mass does not
directly depend on these lines as they are mainly formed in
the hydrogen-rich zone. The observed line profiles may be ex-
plained by less inward mixing of the hydrogen-rich envelope
as a result of a smaller envelope. Such a smaller envelope
is less efficient in trapping γ-rays and causes a faster flux
decline than the lowest mass (12 M⊙) model.
Alternatively, the smaller trapped γ-ray fraction can be
a result of unusually strong outward mixing of 56Ni. In such
a case, the strength of [O I] emission may be affected, but
the exact effect needs to be carefully modeled. In the bottom
panel of Figure 16, we attempt to rescale the model fluxes
further by the observed trapping fraction. We use a t1 of 313
days for SN 2013ej (as appropriate for the late observations)
and a 56Ni mass of 0.020 M⊙ to be consistent with this
model. The effective t1 are 440, 470 and 530 days for our
12, 15 and 19 M⊙ model respectively. In this case, the 15
M⊙ model provides the best fit overall and for [O I] λλ6300,
6364.
Taking into account the uncertainties, models with a
progenitor mass between 12 and 15 M⊙ (with 0.3 – 0.8 M⊙ of
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Figure 14. Profiles of the [O I], Hα and [Ca II] lines at day 454
are well fit by combinations of red-shifted and blue-shifted gaus-
sian components. Doublet features are modeled as two gaussians
with the same width and fixed line ratios. FWHMs of the two
components are plotted in the lower right panel, with 1σ statis-
tical errors.
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Figure 15. Evolution of Hα profile from 122 to 454 days. Upper
left: normalized Hα profiles. Lower left: example fit with two gaus-
sian components. Upper right: evolution of the central velocities
of the two gaussian components. Middle right: evolution of the
FWHM of the two gaussian components. Lower right: evolution
of the ratio of the blue-shifted and the red-shifted components.
oxygen) are favoured. Models with progenitor masses much
larger than 15 M⊙ are not supported in any case.
5.5 Emission lines in NIR
We have obtained two NIR spectra during the light curve
tail at 139 and 454 days after the explosion. The spectrum
at day 139 is calibrated using JHKs photometry acquired
around the same time. The spectrum at day 454 is cali-
brated using a flux scale estimate from the optical part of
the X-shooter spectrum. By comparing our observations to
the preferred 12 M⊙ model from Jerkstrand et al. (2014),
we identify emission features in the NIR wavelength range
in Figure 17.
Model fluxes are rescaled in the same way as in the top
two panels of § 5.4, correcting for 56Ni mass and phases,
but not the difference in γ-ray escape rate. At day 139, the
outer ejecta are not yet fully transparent. Higher contribu-
tion from the continuum is expected, and weaker lines seen
in the day 212 model have not developed. At day 454, the
NIR flux calibration has relatively large uncertainty, but the
overall agreement between model and observation is good.
[Si I] 1.64 µm is another important diagnostic line for
the core mass (Jerkstrand et al. 2014). It is blended with
[Fe II] that is dependent on the 56Ni mass. The observed
strength of the [Fe II] + [Si I] 1.64 µm feature is comparable
to the 12 M⊙ or a 15 M⊙ model although the line width is
slightly larger than the models. Good agreement for other
[Fe II] and [Si I] features suggest the observed 56Ni and Si
distribution is roughly consistent with the models.
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Figure 16. Optical spectra of SN 2013ej compared to synthesized models from Jerkstrand et al. (2014) for 12, 15 and 19 M⊙ (ZAMS)
progenitors. Spectra of SN 2013ej (at 186 and 454 days after explosion) are de-reddened and flux calibrated using multi-band photometry
interpolated or extrapolated (linearly) to those epochs. In the top and the middle panels, model fluxes are rescaled to the observed
epochs using the ratio of 56Ni mass and the model flux decay rate. In the bottom panel, models fluxes are further rescaled by the relative
fraction of trapped γ-rays.
5.6 Carbon Monoxide
The first overtone band of CO is clearly detected at 2.3 µm
in the day 139 NIR spectrum. At day 454, the spectrum
has low signal-to-noise in the K-band and shows no sign
of any feature at this wavelength. Formation of molecules
is believed to be necessary for dust condensation in the
cool ejecta. Detection of CO molecule is common among
Type II SNe (e.g. Spyromilio et al. 1988, 2001; Kotak et al.
2005, 2006; Pozzo et al. 2006; Maguire et al. 2010) and has
been reported for Type IIn (SN 1998S; Gerardy et al. 2000;
Fassia et al. 2001), Type IIb (SN 2011dh; Ergon et al. 2015)
and Type Ic SNe (Gerardy et al. 2002; Hunter et al. 2009).
While the first CO detection varies from SN to SN, it is
typically between 100 and 200 days.
In Figure 18, we show that the CO feature has a similar
shape to that observed for SN 2004dj (Kotak et al. 2005).
The other prominent feature in this wavelength range is
Brackett γ. Like the other H lines, a significantly broader
profile is observed for SN 2013ej than for SN 2004dj.
6 DISCUSSIONS
In §3.4, we have modeled the optical-NIR9 bolometric light
curve as powered by 56Co decay with incomplete trapping
of γ-rays. In §5.4, we have used synthesized spectral models
developed in Jerkstrand et al. (2014) to explore the progeni-
tor properties. Here, we further discuss the implications and
limitations of these results.
The light curve of SN 2013ej steadily declined during
the photospheric phase. During the nebular phase, the ob-
served flux also declined faster than expected when γ-rays
from 56Co decay are fully trapped. Relatively fast decays
during the tail have been observed for other Type IIL SNe
(e.g. Anderson et al. 2014, Terreran et al. 2016 in prep). If
the decay tail is powered by 56Co, a fast decline rate suggests
higher leakage of γ-rays, resulting from a small ejecta mass,
a large kinetic energy, extreme outward mixing of 56Ni or a
mixture of these effects.
A small ejecta mass means higher mass loss compared
to the single star evolution models we adopt. Mass loss can
9 For the period of our concern, contribution from NUV is negli-
gible.
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Figure 17. NIR spectrum of SN 2013ej at 139 and 454 days after explosion. Spectrum at 139 day is calibrated using JHKs photometry
acquired around the same time. Spectrum at 454 day is calibrated using the flux scale estimated from the optical part of the X-shooter
spectrum. Spectral features are identified by comparing to the model for a 12M⊙ (ZAMS) progenitor at 212 and 451 days after explosion.
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Figure 18. Detection of CO first overtone at day 139, compared
to observation at a similar epoch for SN 2004dj (Kotak et al.
2005). Observed flux density of SN 2004dj is reduced by a fac-
tor of 3 to be comparable to SN 2013ej.
be affected by metallicity. SN 2013ej is close to two H II re-
gions whose emission line abundances have been measured
by Rosales-Ortega et al. (2011). The mean metallicity of the
two regions (and mean of different calibration methods) is
12+log(O/H) = 8.73. This is close to the solar value em-
ployed by the stellar evolution modeling (Woosley & Heger
2007) for the SN models studied here, although measure-
ments from different empirical calibrations have a root-
mean-square spread of 0.2 dex. If the mass loss is indeed
higher, an additional mechanism or a different mass loss pre-
scription is required. Substantial mass loss can also occur if
the star evolved with a companion and it is known that a
significant fraction of massive stars are in binary systems
(e.g. Sana et al. 2012).
Wide nebular emission profiles are observed for SN
2013ej, but velocities are not particularly large during the
photospheric phase. Our model assumes a kinetic energy
of 1.2 × 1051 erg and a metal core region expanding with
1800 km s−1, producing [O I] emission with comparable
width to our observations.
The models assume that 56Ni is fully macroscopically
mixed with the other metal regions in a core extending to
1800 km s−1. This treatment is based on the limit of strong
mixing seen in multi-dimensional simulations. To explore the
exact impact of a different assumption for mixing, the un-
derlying model needs to be revised which is outside the scope
of this paper.
In addition, the models have been developed for a higher
56Ni mass production of 0.062 M⊙ and scaling down by a
factor of larger than two has not been tested.
Last but not least, our model assumes spherical sym-
metry which is not supported by the observations. Sig-
nificant polarization has been detected a week after the
explosion (Leonard et al. 2013) and also around 100 days
(Kumar et al. 2016), implying asymmetries in both the
outer and inner ejecta. Asymmetric (jet-like) distribution of
56Ni may explain the extra outward mixing and the broad
two-component nebular emission lines.
Despite the afore-mentioned caveats, we believe the core
mass indicators, such as the [O I] λλ6300, 6364 emission,
still provide reasonable constraints. Our spectral models do
not reproduce well the observed Hα and Ca features. These
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lines are formed mainly in the hydrogen-rich zone thus more
sensitive to choice of mass loss and mixing. The weaker and
flatter-topped Hα and Ca emissions are consistent with the
result of a weaker reverse shock that causes less mixing of
hydrogen-rich material into the core.
Based on the observed strength of the [O I] λλ6300, 6364
feature, we find that SN 2013ej has a progenitor with ZAMS
mass between 12 and 15 M⊙. A progenitor mass much higher
than 15 M⊙ produces strong [O I] and Na I that are hard to
reconcile with a change of overall scaling.
Our 12 and 15 M⊙ models have ejecta masses of 9.3
and 10.9 M⊙ respectively (see Table 2 in Jerkstrand et al.
2012). Using their effective decay times (t1) of 440 and 470
days, the simplified Eq (4) over-estimates their ejecta masses
by 20 to 30%. Eq (4) assumes uniform density and a cen-
tralized 56Ni distribution. In the model, a dense core in-
creases the optical depth and consequently t1. This is partly
offset by the mixed-out 56Ni but overall Eq (4) tends to
over-estimate mass. Keeping this in mind, we use Eq (4) to
gauge the meaning of t1. Fitting the early (< ∼170 days)
and the late (up to 454 days) decay tail, we obtain two dif-
ferent decay time scales. The early tail implies a faster de-
cline (t1 = 170 days) and an ejecta mass of only 5 M⊙ with
typical kinetic energy and mixing. Significant mass loss is
required if the progenitor has a ZAMS mass of more than
12 M⊙. However, this model underestimates the luminosity
measured around 400 days and we find no spectral evidence
that the late light curve is affected by other energy sources
such as CSM interaction or light echo. It is possible that
the early tail is affected by residual radiation from the en-
velope. Using the late decay tail, we measure a decline rate
(t1 = 313 days) that is still faster than our 12 M⊙ model,
but the discrepancy is not as extreme.
Overall, we find that a progenitor with ZAMS mass
between 12 and 15 M⊙ can reasonably produce the ob-
served properties of SN 2013ej. This mass range is consistent
with the estimate from the direct detection (Fraser et al.
2014) and other studies of this SN (Bose et al. 2015b;
Huang et al. 2015). This progenitor mass also falls in the
range of mass estimated for Type IIP SNe from direct detec-
tions (Smartt 2009) and spectral modeling (Jerkstrand et al.
2012; Tomasella et al. 2013; Jerkstrand et al. 2014, 2015;
Valenti et al. 2016). This is further indication that type IIL
SNe are unlikely to be from progenitors with masses 17–30
M⊙, and therefore not likely to explain the lack of high mass
progenitor stars for nearby core-collapse SNe (Smartt 2015).
7 CONCLUSIONS
SN 2013ej is classified as a Type IIL based on its relatively
fast decline (∼1.7 mag per 100 days in V -band) following the
initial peak at MV = -17.6 mag. Its light curve has a shape
that is typical of a Type II SN. Around ∼100 days after the
explosion, the luminosity dropped steeply. This feature is
a characteristic of Type IIP SNe and has been observed in
Type IIL SNe that are photometrically monitored for suffi-
ciently long periods (Valenti et al. 2015).
During the brief transition from a H-recombination
dominated phase to the decay tail, we find the B−V colour
of SN 2013ej and a few other well-observed Type II SN evolve
differently. The B-band covers the wavelength range of many
metal lines. If this phase traces the photosphere through a
transitional layer between the hydrogen-rich envelope and
the helium core, the diversity may be due to differences in
the line forming regions.
Using the bolometric light curve, we estimate the 56Ni
mass to be 0.023 ± 0.003 M⊙. After the steep drop-off, the
light curve of SN 2013ej declined faster than expected from
56Co decay, indicating a relatively small ejecta mass, a high
kinetic energy and/or extended outward mixing of 56Ni.
Our optical and NIR spectral observations both extend
to more than a year after the explosion. We detected the first
overtone band of CO at 2.3 µm at day 139 but the feature
is no longer visible at day 454.
We observed broad and asymmetric nebular emission
lines. Hα and [Ca II] have similarly enhanced red wings. As-
phericity may be a common feature among core-collapse SNe
(e.g. Taubenberger et al. 2009) and has played a key role in
the SN 2013ej explosion.
We compare our nebular observations to synthesized
spectral models (Jerkstrand et al. 2014). These models have
successfully reproduced the observed spectra of a number of
Type IIP SNe. but have not yet been applied to Type IIL
SNe for which late time (>∼ 1 year) observations are sparse
(see also Terreran et al. 2016 in prep). We find that a 12 – 15
M⊙ (ZAMS) progenitor is preferred for SN 2013ej. This re-
sult is based on comparison of emission lines most sensitive
to the core mass of the progenitor thus not prone to uncer-
tainties of mass loss. This inferred progenitor mass range is
similar to the mass estimated for Type IIP SNe from direct
detections (Smartt 2009) and spectral modeling.
We observed unusually weak nebular lines formed in
the hydrogen envelope (H and Ca lines). The photometric
and spectroscopic behavior of SN 2013ej is consistent with
the idea that Type IIL SNe are formed by explosions of stars
that have lost significant amount of their hydrogen envelope.
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Table 2: Optical and NIR photometric observations of SN
2013ej.
UT Date
JD Magnitude
filter
Telescope/
( -2400000) (error) Instrumenta
2013/07/27 56500.878 12.25 (0.06) U 1m004
2013/07/28 56501.878 12.16 (0.05) U 1m004
2013/08/03 56507.859 12.12 (0.06) U 1m008
2013/08/04 56508.862 12.13 (0.08) U 1m008
2013/08/05 56509.932 12.21 (0.06) U 1m008
2013/08/06 56510.867 12.32 (0.05) U 1m008
2013/08/09 56513.839 12.53 (0.05) U 1m008
2013/08/09 56513.876 12.51 (0.06) U 1m004
2013/08/10 56514.811 12.62 (0.05) U 1m009
2013/08/13 56517.590 12.74 (0.13) U AFOSC
2013/08/13 56517.894 12.92 (0.06) U 1m004
2013/08/14 56518.792 13.00 (0.05) U 1m004
2013/08/15 56519.793 13.15 (0.04) U 1m009
2013/08/16 56520.784 13.20 (0.06) U 1m009
2013/08/17 56521.780 13.30 (0.06) U 1m005
2013/08/18 56522.943 13.46 (0.04) U 1m008
2013/08/20 56524.842 13.68 (0.07) U 1m005
2013/08/21 56525.803 13.74 (0.07) U 1m008
2013/08/21 56525.817 13.79 (0.06) U 1m009
2013/08/22 56526.832 13.89 (0.04) U 1m004
2013/08/24 56529.271 14.02 (0.06) U 1m003
2013/08/25 56529.805 14.14 (0.05) U 1m004
2013/08/29 56533.931 14.45 (0.06) U 1m008
2013/08/30 56534.826 14.50 (0.06) U 1m008
2013/08/31 56535.848 14.61 (0.07) U 1m008
2013/09/01 56536.838 14.67 (0.06) U 1m008
2013/09/03 56538.909 14.78 (0.06) U 1m008
2013/09/06 56541.867 15.02 (0.06) U 1m008
2013/09/08 56543.854 15.18 (0.06) U 1m008
2013/09/09 56544.864 15.18 (0.06) U 1m008
2013/09/14 56549.858 15.35 (0.06) U 1m008
2013/09/24 56559.755 15.92 (0.06) U 1m008
2013/09/26 56561.741 16.00 (0.05) U 1m008
2013/09/29 56564.749 16.10 (0.06) U 1m008
2013/10/08 56574.489 16.46 (0.07) U 1m013
2013/10/09 56574.507 16.44 (0.05) U 1m010
2013/10/13 56579.489 16.31 (0.07) U 1m010
2013/10/18 56583.600 16.81 (0.08) U 1m004
2013/10/20 56585.618 16.94 (0.10) U 1m004
2013/10/22 56588.328 17.03 (0.15) U 1m010
2013/10/25 56590.922 17.09 (0.11) U 1m008
2013/10/26 56591.615 17.39 (0.09) U 1m009
2013/10/28 56593.607 17.35 (0.12) U 1m005
2013/10/28 56593.638 17.25 (0.11) U 1m005
2013/10/29 56595.380 17.61 (0.19) U 1m012
2013/11/03 56600.470 18.22 (0.21) U 1m010
2013/11/12 56608.840 18.46 (0.10) U 1m008
2013/11/24 56621.267 18.75 (0.32) U 1m012
2013/11/26 56623.340 18.53 (0.10) U 1m012
2013/11/27 56624.291 18.81 (0.41) U 1m012
2013/07/24 56498.318 14.57 (0.06) B LOT
2013/07/27 56500.836 12.94 (0.04) B 1m004
2013/07/27 56500.894 12.93 (0.05) B 1m004
2013/07/27 56501.252 12.89 (0.06) B 1m003
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2013/07/28 56501.836 12.88 (0.04) B 1m004
2013/07/28 56501.878 12.86 (0.04) B 1m008
2013/07/28 56501.894 12.84 (0.05) B 1m004
2013/07/29 56502.836 12.73 (0.04) B 1m009
2013/07/29 56502.836 12.77 (0.03) B 1m004
2013/08/02 56506.859 12.66 (0.07) B 1m004
2013/08/04 56508.873 12.64 (0.05) B 1m008
2013/08/05 56509.855 12.66 (0.04) B 1m008
2013/08/05 56509.941 12.67 (0.04) B 1m008
2013/08/06 56510.851 12.72 (0.05) B 1m008
2013/08/09 56513.869 12.84 (0.04) B 1m008
2013/08/09 56513.899 12.87 (0.05) B 1m004
2013/08/10 56514.672 12.88 (0.06) B 1m010
2013/08/11 56515.673 12.97 (0.06) B 1m013
2013/08/12 56516.793 13.04 (0.04) B 1m004
2013/08/13 56517.590 13.07 (0.07) B AFOSC
2013/08/13 56517.897 13.12 (0.05) B 1m004
2013/08/14 56518.796 13.16 (0.05) B 1m004
2013/08/15 56519.796 13.21 (0.03) B 1m009
2013/08/16 56520.787 13.27 (0.04) B 1m009
2013/08/17 56521.784 13.37 (0.04) B 1m005
2013/08/18 56522.947 13.43 (0.03) B 1m008
2013/08/20 56524.845 13.60 (0.08) B 1m005
2013/08/21 56525.525 13.65 (0.06) B SBIG
2013/08/21 56525.807 13.66 (0.04) B 1m008
2013/08/21 56525.820 13.64 (0.04) B 1m009
2013/08/21 56526.480 13.70 (0.09) B SBIG
2013/08/22 56526.836 13.73 (0.03) B 1m004
2013/08/25 56529.809 13.90 (0.04) B 1m004
2013/08/29 56533.934 14.12 (0.05) B 1m008
2013/08/30 56534.830 14.14 (0.05) B 1m008
2013/08/31 56535.852 14.20 (0.05) B 1m008
2013/09/01 56536.841 14.23 (0.04) B 1m008
2013/09/03 56538.912 14.30 (0.05) B 1m008
2013/09/04 56539.575 14.27 (0.04) B SBIG
2013/09/06 56541.871 14.43 (0.05) B 1m008
2013/09/08 56543.858 14.50 (0.05) B 1m008
2013/09/09 56544.867 14.53 (0.05) B 1m008
2013/09/14 56549.862 14.70 (0.04) B 1m008
2013/09/24 56559.758 14.98 (0.06) B 1m008
2013/09/26 56561.745 15.00 (0.05) B 1m008
2013/09/29 56564.752 15.06 (0.06) B 1m008
2013/10/06 56572.460 15.23 (0.05) B 1m012
2013/10/08 56574.493 15.29 (0.05) B 1m013
2013/10/09 56574.512 15.25 (0.04) B 1m010
2013/10/12 56578.365 15.37 (0.11) B SBIG
2013/10/13 56579.495 15.43 (0.05) B 1m010
2013/10/15 56581.490 15.45 (0.06) B 1m012
2013/10/18 56583.605 15.57 (0.04) B 1m004
2013/10/20 56585.625 15.67 (0.04) B 1m004
2013/10/22 56588.331 15.77 (0.04) B 1m010
2013/10/25 56590.926 15.93 (0.05) B 1m008
2013/10/26 56591.622 15.98 (0.05) B 1m009
2013/10/28 56593.616 16.12 (0.04) B 1m005
2013/10/28 56593.642 16.12 (0.05) B 1m005
2013/10/29 56595.389 16.34 (0.06) B 1m012
2013/11/03 56599.571 17.11 (0.05) B 1m004
2013/11/03 56600.474 17.20 (0.05) B 1m010
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2013/11/05 56602.385 17.46 (0.05) B 1m010
2013/11/08 56604.550 17.68 (0.05) B 1m009
2013/11/12 56608.853 17.85 (0.06) B 1m008
2013/11/12 56609.350 17.87 (0.06) B SBIG
2013/11/18 56614.560 17.87 (0.07) B 1m009
2013/11/19 56615.672 17.89 (0.06) B 1m004
2013/11/20 56617.288 17.94 (0.06) B 1m012
2013/11/20 56617.480 17.90 (0.09) B SBIG
2013/11/21 56618.399 17.95 (0.06) B 1m010
2013/11/24 56621.291 17.96 (0.05) B 1m012
2013/11/24 56621.336 17.99 (0.05) B 1m010
2013/11/26 56623.395 18.03 (0.07) B SBIG
2013/11/27 56624.312 18.08 (0.07) B 1m012
2013/11/28 56624.573 18.07 (0.06) B 1m005
2013/11/29 56626.346 18.08 (0.07) B 1m012
2013/12/03 56630.020 18.09 (0.06) B 1m003
2013/12/06 56633.262 18.13 (0.07) B SBIG
2013/12/10 56637.293 18.42 (0.08) B SBIG
2013/12/11 56638.337 18.29 (0.08) B 1m012
2014/01/16 56673.700 18.71 (0.09) B 1m008
2014/08/16 56885.882 20.39 (0.08) B NTT
2013/07/24 56498.309 14.49 (0.07) V LOT
2013/07/27 56500.840 12.98 (0.03) V 1m004
2013/07/27 56500.897 12.98 (0.05) V 1m004
2013/07/27 56501.256 12.91 (0.05) V 1m003
2013/07/28 56501.840 12.87 (0.04) V 1m004
2013/07/28 56501.897 12.85 (0.05) V 1m004
2013/07/29 56502.840 12.74 (0.03) V 1m009
2013/07/29 56502.840 12.76 (0.03) V 1m004
2013/08/02 56506.862 12.56 (0.05) V 1m004
2013/08/03 56507.905 12.52 (0.04) V 1m008
2013/08/04 56508.875 12.51 (0.04) V 1m008
2013/08/05 56509.857 12.50 (0.03) V 1m008
2013/08/05 56509.943 12.52 (0.03) V 1m008
2013/08/06 56510.853 12.51 (0.03) V 1m008
2013/08/09 56513.871 12.53 (0.03) V 1m008
2013/08/09 56513.901 12.54 (0.05) V 1m004
2013/08/10 56514.674 12.54 (0.05) V 1m010
2013/08/11 56515.675 12.59 (0.05) V 1m013
2013/08/12 56516.795 12.58 (0.04) V 1m004
2013/08/13 56517.590 12.55 (0.06) V AFOSC
2013/08/13 56517.900 12.59 (0.05) V 1m004
2013/08/14 56518.798 12.58 (0.04) V 1m004
2013/08/16 56520.790 12.63 (0.04) V 1m009
2013/08/17 56521.786 12.66 (0.04) V 1m005
2013/08/18 56522.946 12.67 (0.03) V 1m008
2013/08/20 56524.848 12.75 (0.05) V 1m005
2013/08/21 56525.525 12.77 (0.05) V SBIG
2013/08/21 56525.809 12.82 (0.04) V 1m008
2013/08/21 56525.822 12.78 (0.04) V 1m009
2013/08/21 56526.480 12.73 (0.07) V SBIG
2013/08/22 56526.838 12.82 (0.03) V 1m004
2013/08/24 56529.276 12.91 (0.06) V 1m003
2013/08/25 56529.811 12.94 (0.04) V 1m004
2013/08/29 56533.936 13.04 (0.03) V 1m008
2013/08/30 56534.831 13.07 (0.06) V 1m008
2013/08/31 56535.854 13.10 (0.04) V 1m008
2013/09/01 56536.843 13.10 (0.04) V 1m008
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2013/09/03 56538.914 13.18 (0.04) V 1m008
2013/09/04 56539.575 13.24 (0.06) V SBIG
2013/09/06 56541.873 13.25 (0.04) V 1m008
2013/09/09 56544.869 13.32 (0.04) V 1m008
2013/09/24 56559.760 13.60 (0.03) V 1m008
2013/09/26 56561.747 13.62 (0.04) V 1m008
2013/09/29 56564.755 13.67 (0.05) V 1m008
2013/10/06 56572.462 13.77 (0.05) V 1m012
2013/10/08 56574.496 13.85 (0.05) V 1m013
2013/10/09 56574.515 13.79 (0.04) V 1m010
2013/10/12 56578.112 13.92 (0.06) V 1m011
2013/10/12 56578.365 13.90 (0.20) V SBIG
2013/10/13 56579.498 13.95 (0.05) V 1m010
2013/10/15 56581.493 14.04 (0.06) V 1m012
2013/10/18 56583.607 14.09 (0.04) V 1m004
2013/10/20 56585.628 14.15 (0.03) V 1m004
2013/10/22 56588.334 14.23 (0.04) V 1m010
2013/10/25 56590.929 14.36 (0.05) V 1m008
2013/10/26 56591.626 14.42 (0.05) V 1m009
2013/10/28 56593.620 14.57 (0.05) V 1m005
2013/10/28 56593.646 14.57 (0.04) V 1m005
2013/10/29 56595.393 14.80 (0.05) V 1m012
2013/11/03 56599.575 15.66 (0.05) V 1m004
2013/11/03 56600.478 15.81 (0.04) V 1m010
2013/11/05 56602.389 16.12 (0.04) V 1m010
2013/11/08 56604.556 16.30 (0.05) V 1m009
2013/11/12 56608.859 16.48 (0.05) V 1m008
2013/11/12 56609.350 16.42 (0.08) V SBIG
2013/11/18 56614.570 16.53 (0.04) V 1m009
2013/11/19 56615.680 16.62 (0.05) V 1m004
2013/11/20 56617.296 16.64 (0.05) V 1m012
2013/11/20 56617.480 16.69 (0.07) V SBIG
2013/11/21 56618.407 16.65 (0.05) V 1m010
2013/11/24 56621.299 16.68 (0.05) V 1m012
2013/11/24 56621.344 16.68 (0.05) V 1m010
2013/11/26 56623.395 16.65 (0.07) V SBIG
2013/11/28 56624.580 16.77 (0.05) V 1m005
2013/11/29 56626.352 16.83 (0.08) V 1m012
2013/12/03 56630.027 16.86 (0.05) V 1m003
2013/12/06 56633.262 16.90 (0.05) V SBIG
2013/12/10 56637.293 16.86 (0.09) V SBIG
2013/12/11 56638.349 16.92 (0.10) V 1m012
2014/01/17 56674.927 17.38 (0.13) V 1m003
2014/08/16 56885.854 19.90 (0.09) V NTT
2014/10/21 56951.654 20.58 (0.12) V VLT
2013/07/24 56498.327 14.55 (0.02) R LOT
2013/07/27 56500.856 12.91 (0.02) R 1m004
2013/07/27 56501.272 12.88 (0.08) R 1m003
2013/07/28 56501.856 12.78 (0.03) R 1m004
2013/07/29 56502.856 12.63 (0.03) R 1m009
2013/07/29 56502.856 12.63 (0.03) R 1m004
2013/08/03 56507.862 12.38 (0.03) R 1m008
2013/08/04 56508.867 12.34 (0.03) R 1m008
2013/08/05 56509.935 12.32 (0.02) R 1m008
2013/08/09 56513.843 12.29 (0.03) R 1m008
2013/08/09 56513.879 12.33 (0.03) R 1m004
2013/08/10 56514.816 12.29 (0.03) R 1m009
2013/08/13 56517.590 12.33 (0.05) R AFOSC
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2013/08/13 56517.901 12.30 (0.03) R 1m004
2013/08/14 56518.800 12.27 (0.04) R 1m004
2013/08/17 56521.787 12.32 (0.04) R 1m005
2013/08/18 56522.950 12.32 (0.02) R 1m008
2013/08/20 56524.850 12.39 (0.04) R 1m005
2013/08/21 56525.525 12.49 (0.06) R SBIG
2013/08/21 56525.810 12.40 (0.03) R 1m008
2013/08/21 56525.824 12.39 (0.03) R 1m009
2013/08/21 56526.480 12.46 (0.15) R SBIG
2013/08/22 56526.840 12.41 (0.02) R 1m004
2013/08/24 56529.278 12.49 (0.07) R 1m003
2013/08/25 56529.812 12.49 (0.04) R 1m004
2013/08/29 56533.938 12.55 (0.03) R 1m008
2013/08/31 56535.855 12.61 (0.02) R 1m008
2013/09/01 56536.845 12.62 (0.02) R 1m008
2013/09/03 56538.916 12.67 (0.03) R 1m008
2013/09/06 56541.874 12.73 (0.03) R 1m008
2013/09/08 56543.861 12.76 (0.03) R 1m008
2013/09/09 56544.871 12.78 (0.03) R 1m008
2013/09/14 56549.866 12.88 (0.02) R 1m008
2013/09/24 56559.762 13.01 (0.03) R 1m008
2013/09/26 56561.749 13.02 (0.03) R 1m008
2013/09/29 56564.756 13.08 (0.04) R 1m008
2013/10/06 56572.464 13.19 (0.04) R 1m012
2013/10/08 56574.498 13.21 (0.04) R 1m013
2013/10/09 56574.517 13.16 (0.03) R 1m010
2013/10/12 56578.115 13.26 (0.06) R 1m011
2013/10/12 56578.365 13.27 (0.21) R SBIG
2013/10/13 56579.500 13.29 (0.04) R 1m010
2013/10/15 56581.494 13.36 (0.05) R 1m012
2013/10/18 56583.609 13.42 (0.03) R 1m004
2013/10/20 56585.630 13.49 (0.03) R 1m004
2013/10/22 56588.336 13.53 (0.04) R 1m010
2013/10/25 56590.931 13.66 (0.04) R 1m008
2013/10/26 56591.628 13.70 (0.04) R 1m009
2013/10/28 56593.623 13.82 (0.03) R 1m005
2013/10/28 56593.649 13.83 (0.03) R 1m005
2013/10/29 56595.395 14.01 (0.03) R 1m012
2013/11/03 56599.578 14.75 (0.03) R 1m004
2013/11/03 56600.481 14.85 (0.03) R 1m010
2013/11/05 56602.391 15.09 (0.03) R 1m010
2013/11/08 56604.561 15.27 (0.04) R 1m009
2013/11/12 56608.864 15.41 (0.04) R 1m008
2013/11/12 56609.350 15.42 (0.14) R SBIG
2013/11/16 56612.642 15.50 (0.06) R 1m004
2013/11/18 56614.575 15.43 (0.03) R 1m009
2013/11/19 56615.685 15.54 (0.04) R 1m004
2013/11/20 56617.299 15.57 (0.05) R 1m012
2013/11/20 56617.480 15.54 (0.13) R SBIG
2013/11/21 56618.412 15.55 (0.04) R 1m010
2013/11/24 56621.304 15.61 (0.03) R 1m012
2013/11/24 56621.349 15.59 (0.04) R 1m010
2013/11/26 56623.395 15.68 (0.12) R SBIG
2013/11/28 56624.585 15.66 (0.04) R 1m005
2013/12/03 56630.032 15.75 (0.04) R 1m003
2013/12/06 56633.262 15.72 (0.06) R SBIG
2013/12/10 56637.293 15.76 (0.20) R SBIG
2013/12/11 56638.352 15.83 (0.06) R 1m012
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2014/01/17 56674.932 16.45 (0.06) R 1m003
2014/08/16 56885.864 19.21 (0.09) R NTT
2013/07/27 56500.859 12.91 (0.03) I 1m004
2013/07/28 56501.859 12.75 (0.03) I 1m004
2013/07/29 56502.859 12.61 (0.03) I 1m009
2013/07/29 56502.859 12.62 (0.03) I 1m004
2013/08/03 56507.864 12.34 (0.03) I 1m008
2013/08/04 56508.869 12.29 (0.04) I 1m008
2013/08/05 56509.937 12.27 (0.03) I 1m008
2013/08/06 56510.872 12.27 (0.04) I 1m008
2013/08/07 56511.600 12.26 (0.29) I SBIG
2013/08/09 56513.844 12.22 (0.03) I 1m008
2013/08/09 56513.881 12.23 (0.04) I 1m004
2013/08/10 56514.815 12.21 (0.03) I 1m009
2013/08/13 56517.590 12.29 (0.04) I AFOSC
2013/08/13 56517.903 12.18 (0.04) I 1m004
2013/08/14 56518.801 12.16 (0.05) I 1m004
2013/08/15 56519.801 12.16 (0.04) I 1m009
2013/08/16 56520.793 12.18 (0.04) I 1m009
2013/08/17 56521.790 12.18 (0.04) I 1m005
2013/08/18 56522.952 12.18 (0.03) I 1m008
2013/08/21 56525.525 12.40 (0.06) I SBIG
2013/08/21 56525.812 12.25 (0.04) I 1m008
2013/08/21 56525.826 12.23 (0.04) I 1m009
2013/08/21 56526.480 12.24 (0.12) I SBIG
2013/08/22 56526.842 12.25 (0.02) I 1m004
2013/08/24 56529.279 12.30 (0.07) I 1m003
2013/08/25 56529.814 12.30 (0.03) I 1m004
2013/08/29 56533.940 12.34 (0.04) I 1m008
2013/08/31 56535.857 12.39 (0.04) I 1m008
2013/09/01 56536.846 12.41 (0.04) I 1m008
2013/09/03 56538.917 12.45 (0.03) I 1m008
2013/09/04 56539.575 12.49 (0.08) I SBIG
2013/09/06 56541.876 12.48 (0.03) I 1m008
2013/09/08 56543.863 12.52 (0.04) I 1m008
2013/09/09 56544.872 12.53 (0.05) I 1m008
2013/09/14 56549.867 12.61 (0.03) I 1m008
2013/09/24 56559.763 12.73 (0.04) I 1m008
2013/09/26 56561.750 12.75 (0.03) I 1m008
2013/09/29 56564.758 12.83 (0.05) I 1m008
2013/10/06 56572.466 12.89 (0.04) I 1m012
2013/10/08 56574.500 12.93 (0.05) I 1m013
2013/10/09 56574.519 12.89 (0.04) I 1m010
2013/10/12 56578.116 12.98 (0.05) I 1m011
2013/10/12 56578.365 12.99 (0.16) I SBIG
2013/10/14 56579.502 13.02 (0.05) I 1m010
2013/10/15 56581.496 13.11 (0.05) I 1m012
2013/10/18 56583.611 13.14 (0.03) I 1m004
2013/10/20 56585.632 13.20 (0.04) I 1m004
2013/10/22 56588.338 13.25 (0.04) I 1m010
2013/10/25 56590.933 13.35 (0.04) I 1m008
2013/10/26 56591.631 13.41 (0.05) I 1m009
2013/10/28 56593.625 13.53 (0.03) I 1m005
2013/10/28 56593.651 13.54 (0.04) I 1m005
2013/10/29 56595.398 13.73 (0.04) I 1m012
2013/11/03 56599.580 14.44 (0.04) I 1m004
2013/11/03 56600.483 14.54 (0.03) I 1m010
2013/11/05 56602.394 14.76 (0.03) I 1m010
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2013/11/08 56604.566 14.93 (0.04) I 1m009
2013/11/12 56608.869 15.06 (0.04) I 1m008
2013/11/12 56609.350 15.06 (0.15) I SBIG
2013/11/18 56614.581 15.12 (0.07) I 1m009
2013/11/19 56615.690 15.19 (0.04) I 1m004
2013/11/20 56617.306 15.21 (0.04) I 1m012
2013/11/21 56618.418 15.21 (0.04) I 1m010
2013/11/24 56621.309 15.27 (0.03) I 1m012
2013/11/24 56621.354 15.27 (0.04) I 1m010
2013/11/26 56623.395 15.35 (0.10) I SBIG
2013/11/28 56624.591 15.35 (0.04) I 1m005
2013/12/01 56628.395 15.66 (0.19) I 1m012
2013/12/03 56630.037 15.43 (0.04) I 1m003
2013/12/06 56633.262 15.48 (0.06) I SBIG
2013/12/10 56637.293 15.73 (0.20) I SBIG
2013/12/11 56638.356 15.52 (0.08) I 1m012
2013/07/27 56500.873 12.97 (0.09) u 1m004
2013/07/28 56501.873 12.90 (0.08) u 1m004
2013/08/14 56518.812 13.95 (0.04) u 1m004
2013/08/15 56519.792 14.05 (0.09) u 1m004
2013/08/16 56520.786 14.13 (0.11) u 1m005
2013/08/17 56521.779 14.35 (0.12) u 1m004
2013/08/18 56522.867 14.36 (0.11) u 1m008
2013/08/22 56526.815 14.81 (0.06) u 1m009
2013/08/24 56529.120 14.97 (0.11) u 1m011
2013/08/25 56529.811 15.20 (0.14) u 1m009
2013/08/29 56533.969 15.34 (0.08) u 1m008
2013/08/31 56535.882 15.71 (0.06) u 1m008
2013/09/01 56536.923 15.75 (0.07) u 1m008
2013/09/06 56541.909 16.10 (0.04) u 1m008
2013/09/08 56543.867 15.93 (0.08) u 1m008
2013/09/14 56549.846 16.70 (0.09) u 1m008
2013/09/24 56559.768 16.52 (0.07) u 1m008
2013/09/26 56561.760 16.71 (0.05) u 1m008
2013/09/29 56564.733 17.20 (0.10) u 1m008
2013/10/08 56574.450 17.53 (0.15) u 1m010
2013/10/13 56579.470 18.12 (0.20) u 1m010
2013/10/16 56581.641 16.83 (0.11) u 1m005
2013/10/18 56583.626 17.09 (0.09) u 1m004
2013/11/29 56625.582 17.56 (0.11) u 1m005
2013/07/27 56500.844 12.92 (0.01) g 1m004
2013/07/27 56500.901 12.91 (0.02) g 1m004
2013/07/28 56501.844 12.78 (0.01) g 1m004
2013/07/29 56502.844 12.69 (0.01) g 1m009
2013/07/29 56502.844 12.71 (0.01) g 1m004
2013/08/02 56506.865 12.54 (0.02) g 1m004
2013/08/05 56509.859 12.54 (0.01) g 1m008
2013/08/11 56515.677 12.66 (0.03) g 1m013
2013/08/12 56516.797 12.72 (0.01) g 1m004
2013/08/13 56517.819 12.75 (0.01) g 1m004
2013/08/15 56519.810 12.84 (0.03) g 1m008
2013/08/16 56520.788 12.89 (0.02) g 1m005
2013/08/18 56522.865 12.98 (0.01) g 1m008
2013/08/20 56524.833 13.20 (0.02) g 1m005
2013/08/21 56525.820 13.12 (0.01) g 1m004
2013/08/24 56529.125 13.26 (0.01) g 1m011
2013/08/25 56529.809 13.30 (0.02) g 1m009
2013/08/29 56533.967 13.46 (0.02) g 1m008
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2013/08/31 56535.886 13.56 (0.02) g 1m008
2013/09/01 56536.925 13.59 (0.02) g 1m008
2013/09/03 56538.895 13.64 (0.03) g 1m008
2013/09/06 56541.913 13.73 (0.02) g 1m008
2013/09/08 56543.871 13.77 (0.03) g 1m008
2013/09/14 56549.848 13.92 (0.03) g 1m008
2013/09/24 56559.771 14.11 (0.02) g 1m008
2013/09/26 56561.766 14.14 (0.02) g 1m008
2013/09/29 56564.737 14.23 (0.02) g 1m008
2013/10/06 56572.460 14.35 (0.02) g 1m010
2013/10/08 56574.456 14.38 (0.02) g 1m010
2013/10/13 56579.476 14.50 (0.02) g 1m010
2013/10/16 56581.639 14.57 (0.02) g 1m005
2013/10/18 56583.641 14.63 (0.02) g 1m004
2013/10/20 56585.609 14.70 (0.01) g 1m009
2013/10/20 56585.639 14.70 (0.03) g 1m005
2013/10/22 56588.342 14.80 (0.01) g 1m012
2013/10/25 56590.594 14.96 (0.02) g 1m008
2013/10/27 56592.622 15.07 (0.02) g 1m009
2013/10/29 56595.404 15.41 (0.02) g 1m010
2013/11/03 56599.720 16.25 (0.03) g 1m005
2013/11/04 56600.614 16.43 (0.01) g 1m005
2013/11/05 56602.335 16.66 (0.02) g 1m010
2013/11/07 56604.393 16.85 (0.02) g 1m012
2013/11/18 56614.538 17.12 (0.02) g 1m004
2013/11/18 56614.588 17.15 (0.02) g 1m004
2013/11/19 56615.680 17.16 (0.03) g 1m009
2013/11/20 56617.375 17.14 (0.03) g 1m010
2013/11/22 56618.654 17.17 (0.03) g 1m004
2013/11/22 56619.388 17.14 (0.01) g 1m012
2013/11/24 56621.342 17.17 (0.01) g 1m012
2013/11/28 56624.595 17.26 (0.02) g 1m009
2013/12/14 56640.602 17.50 (0.03) g 1m009
2013/07/27 56500.848 13.01 (0.01) r 1m004
2013/07/27 56500.903 13.00 (0.02) r 1m004
2013/07/28 56501.848 12.82 (0.02) r 1m004
2013/07/28 56501.903 12.81 (0.03) r 1m004
2013/07/29 56502.847 12.71 (0.02) r 1m009
2013/07/29 56502.848 12.73 (0.02) r 1m004
2013/08/02 56506.867 12.51 (0.03) r 1m004
2013/08/03 56507.909 12.44 (0.03) r 1m008
2013/08/04 56508.879 12.43 (0.03) r 1m008
2013/08/05 56509.861 12.41 (0.03) r 1m008
2013/08/05 56509.948 12.40 (0.03) r 1m008
2013/08/06 56510.857 12.40 (0.04) r 1m008
2013/08/09 56513.875 12.39 (0.03) r 1m008
2013/08/09 56513.905 12.39 (0.03) r 1m004
2013/08/10 56514.679 12.39 (0.02) r 1m010
2013/08/11 56515.679 12.38 (0.02) r 1m013
2013/08/12 56516.799 12.41 (0.02) r 1m004
2013/08/13 56517.821 12.39 (0.01) r 1m004
2013/08/14 56518.818 12.39 (0.02) r 1m004
2013/08/15 56519.798 12.38 (0.03) r 1m004
2013/08/15 56519.812 12.42 (0.01) r 1m008
2013/08/16 56520.790 12.42 (0.02) r 1m005
2013/08/17 56521.786 12.39 (0.03) r 1m004
2013/08/18 56522.867 12.44 (0.02) r 1m008
2013/08/20 56524.835 12.49 (0.02) r 1m005
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2013/08/21 56525.822 12.48 (0.02) r 1m004
2013/08/24 56529.128 12.57 (0.03) r 1m011
2013/08/25 56529.811 12.57 (0.02) r 1m009
2013/08/29 56533.969 12.68 (0.02) r 1m008
2013/08/31 56535.888 12.71 (0.03) r 1m008
2013/09/01 56536.927 12.75 (0.03) r 1m008
2013/09/03 56538.897 12.79 (0.04) r 1m008
2013/09/06 56541.915 12.84 (0.01) r 1m008
2013/09/08 56543.873 12.88 (0.03) r 1m008
2013/09/14 56549.850 12.98 (0.02) r 1m008
2013/09/24 56559.773 13.11 (0.03) r 1m008
2013/09/26 56561.768 13.13 (0.02) r 1m008
2013/09/29 56564.739 13.20 (0.03) r 1m008
2013/10/06 56572.462 13.29 (0.01) r 1m010
2013/10/08 56574.459 13.28 (0.02) r 1m010
2013/10/13 56579.479 13.41 (0.04) r 1m010
2013/10/16 56581.641 13.45 (0.02) r 1m005
2013/10/18 56583.643 13.50 (0.02) r 1m004
2013/10/20 56585.641 13.55 (0.04) r 1m005
2013/10/22 56588.345 13.66 (0.02) r 1m012
2013/10/25 56590.597 13.76 (0.02) r 1m008
2013/10/27 56592.627 13.85 (0.02) r 1m009
2013/10/28 56593.570 13.92 (0.02) r 1m004
2013/10/29 56595.408 14.10 (0.02) r 1m010
2013/11/03 56599.725 14.84 (0.02) r 1m005
2013/11/04 56600.618 15.00 (0.03) r 1m005
2013/11/05 56602.339 15.18 (0.02) r 1m010
2013/11/07 56604.400 15.37 (0.03) r 1m012
2013/11/15 56611.649 15.52 (0.02) r 1m004
2013/11/18 56614.545 15.61 (0.03) r 1m004
2013/11/18 56614.595 15.61 (0.03) r 1m004
2013/11/19 56615.688 15.57 (0.02) r 1m009
2013/11/20 56617.382 15.63 (0.01) r 1m010
2013/11/22 56618.665 15.52 (0.10) r 1m004
2013/11/22 56619.396 15.64 (0.02) r 1m012
2013/11/24 56621.349 15.68 (0.02) r 1m012
2013/11/28 56624.604 15.73 (0.03) r 1m009
2013/11/29 56625.599 15.76 (0.02) r 1m005
2013/12/03 56629.977 15.82 (0.03) r 1m003
2013/12/14 56640.609 15.96 (0.02) r 1m009
2014/01/17 56674.927 16.45 (0.07) r 1m011
2013/07/27 56500.851 13.25 (0.02) i 1m004
2013/07/27 56500.905 13.23 (0.03) i 1m004
2013/07/28 56501.851 13.05 (0.03) i 1m004
2013/07/28 56501.905 13.04 (0.04) i 1m004
2013/07/29 56502.850 12.92 (0.02) i 1m009
2013/07/29 56502.851 12.95 (0.03) i 1m004
2013/08/02 56506.870 12.71 (0.03) i 1m004
2013/08/03 56507.911 12.66 (0.04) i 1m008
2013/08/04 56508.881 12.64 (0.04) i 1m008
2013/08/05 56509.949 12.59 (0.05) i 1m008
2013/08/06 56510.859 12.62 (0.04) i 1m008
2013/08/09 56513.877 12.54 (0.05) i 1m008
2013/08/09 56513.907 12.56 (0.03) i 1m004
2013/08/10 56514.680 12.57 (0.03) i 1m010
2013/08/11 56515.680 12.55 (0.03) i 1m013
2013/08/12 56516.801 12.56 (0.03) i 1m004
2013/08/13 56517.823 12.56 (0.01) i 1m004
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2013/08/14 56518.820 12.54 (0.03) i 1m004
2013/08/15 56519.799 12.52 (0.04) i 1m004
2013/08/16 56520.792 12.55 (0.04) i 1m005
2013/08/17 56521.788 12.54 (0.04) i 1m004
2013/08/18 56522.869 12.58 (0.03) i 1m008
2013/08/20 56524.837 12.59 (0.04) i 1m005
2013/08/21 56525.824 12.60 (0.02) i 1m004
2013/08/22 56526.821 12.62 (0.02) i 1m009
2013/08/24 56529.130 12.66 (0.03) i 1m011
2013/08/25 56529.813 12.67 (0.02) i 1m009
2013/08/29 56533.971 12.75 (0.03) i 1m008
2013/08/31 56535.890 12.80 (0.04) i 1m008
2013/09/01 56536.929 12.82 (0.03) i 1m008
2013/09/03 56538.899 12.86 (0.05) i 1m008
2013/09/06 56541.916 12.91 (0.02) i 1m008
2013/09/08 56543.874 12.93 (0.05) i 1m008
2013/09/14 56549.852 13.02 (0.05) i 1m008
2013/09/24 56559.775 13.16 (0.04) i 1m008
2013/09/26 56561.769 13.19 (0.03) i 1m008
2013/09/29 56564.740 13.25 (0.04) i 1m008
2013/10/06 56572.464 13.36 (0.02) i 1m010
2013/10/08 56574.461 13.36 (0.04) i 1m010
2013/10/13 56579.481 13.48 (0.03) i 1m010
2013/10/16 56581.643 13.53 (0.03) i 1m005
2013/10/18 56583.649 13.60 (0.02) i 1m004
2013/10/20 56585.614 13.64 (0.06) i 1m009
2013/10/20 56585.643 13.64 (0.05) i 1m005
2013/10/22 56588.347 13.75 (0.04) i 1m012
2013/10/25 56590.598 13.86 (0.04) i 1m008
2013/10/27 56592.630 13.94 (0.04) i 1m009
2013/10/28 56593.573 14.03 (0.04) i 1m004
2013/10/29 56595.410 14.23 (0.03) i 1m010
2013/11/03 56599.728 15.06 (0.05) i 1m005
2013/11/04 56600.620 15.24 (0.05) i 1m005
2013/11/05 56602.342 15.46 (0.03) i 1m010
2013/11/07 56604.405 15.58 (0.04) i 1m012
2013/11/15 56611.654 15.73 (0.04) i 1m004
2013/11/18 56614.550 15.84 (0.04) i 1m004
2013/11/18 56614.600 15.84 (0.04) i 1m004
2013/11/19 56615.693 15.84 (0.04) i 1m009
2013/11/20 56617.387 15.89 (0.03) i 1m010
2013/11/22 56618.671 15.92 (0.03) i 1m004
2013/11/22 56619.401 15.89 (0.04) i 1m012
2013/11/24 56621.305 15.94 (0.05) i 1m013
2013/11/24 56621.354 15.94 (0.04) i 1m012
2013/11/28 56624.610 16.00 (0.04) i 1m009
2013/11/29 56625.604 16.02 (0.04) i 1m005
2013/12/03 56629.982 16.09 (0.04) i 1m003
2013/12/14 56640.615 16.30 (0.03) i 1m009
2014/01/17 56674.931 16.84 (0.07) i 1m011
2014/08/16 56885.872 19.43 (0.11) i NTT
2013/07/27 56500.862 13.40 (0.04) z 1m004
2013/07/28 56501.862 13.21 (0.04) z 1m004
2013/07/29 56502.862 13.10 (0.04) z 1m009
2013/07/29 56502.862 13.10 (0.04) z 1m004
2013/08/03 56507.866 12.79 (0.06) z 1m008
2013/08/04 56508.870 12.77 (0.07) z 1m008
2013/08/05 56509.938 12.77 (0.07) z 1m008
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2013/08/06 56510.873 12.73 (0.06) z 1m008
2013/08/09 56513.846 12.68 (0.06) z 1m008
2013/08/09 56513.882 12.68 (0.06) z 1m004
2013/08/10 56514.817 12.67 (0.05) z 1m009
2013/08/13 56517.824 12.66 (0.06) z 1m004
2013/08/14 56518.821 12.67 (0.05) z 1m004
2013/08/15 56519.801 12.66 (0.06) z 1m004
2013/08/16 56520.794 12.68 (0.07) z 1m005
2013/08/17 56521.790 12.68 (0.07) z 1m004
2013/08/18 56522.870 12.69 (0.04) z 1m008
2013/08/21 56525.825 12.72 (0.04) z 1m004
2013/08/22 56526.822 12.74 (0.05) z 1m009
2013/08/24 56529.131 12.76 (0.05) z 1m011
2013/08/25 56529.814 12.76 (0.04) z 1m009
2013/08/29 56533.972 12.84 (0.04) z 1m008
2013/08/31 56535.891 12.88 (0.07) z 1m008
2013/09/01 56536.930 12.86 (0.07) z 1m008
2013/09/03 56538.901 12.89 (0.06) z 1m008
2013/09/06 56541.918 12.92 (0.05) z 1m008
2013/09/08 56543.876 12.95 (0.07) z 1m008
2013/09/14 56549.854 13.00 (0.06) z 1m008
2013/09/24 56559.776 13.10 (0.09) z 1m008
2013/09/26 56561.771 13.11 (0.04) z 1m008
2013/09/29 56564.743 13.16 (0.06) z 1m008
2013/10/06 56572.467 13.21 (0.07) z 1m010
2013/10/08 56574.463 13.24 (0.07) z 1m010
2013/10/13 56579.484 13.33 (0.07) z 1m010
2013/10/16 56581.637 13.38 (0.07) z 1m005
2013/10/18 56583.644 13.40 (0.05) z 1m004
2013/10/20 56585.616 13.47 (0.08) z 1m009
2013/10/20 56585.646 13.47 (0.06) z 1m005
2013/10/22 56588.349 13.55 (0.07) z 1m012
2013/10/25 56590.601 13.60 (0.05) z 1m008
2013/10/27 56592.635 13.69 (0.10) z 1m009
2013/10/28 56593.577 13.77 (0.10) z 1m004
2013/10/29 56595.414 13.88 (0.06) z 1m010
2013/11/03 56599.731 14.41 (0.08) z 1m005
2013/11/04 56600.624 14.59 (0.07) z 1m005
2013/11/05 56602.345 14.77 (0.07) z 1m010
2013/11/07 56604.412 14.86 (0.06) z 1m012
2013/11/15 56611.662 15.04 (0.06) z 1m004
2013/11/18 56614.558 15.15 (0.07) z 1m004
2013/11/18 56614.608 15.16 (0.07) z 1m004
2013/11/19 56615.700 15.12 (0.07) z 1m009
2013/11/20 56617.397 15.14 (0.09) z 1m010
2013/11/22 56618.676 14.65 (0.10) z 1m004
2013/11/22 56619.409 15.18 (0.06) z 1m012
2013/11/24 56621.311 15.21 (0.07) z 1m013
2013/11/24 56621.362 15.22 (0.07) z 1m012
2013/11/28 56624.617 15.20 (0.09) z 1m009
2013/11/29 56625.612 15.29 (0.06) z 1m005
2013/12/03 56629.992 15.34 (0.09) z 1m003
2013/12/14 56640.622 15.54 (0.07) z 1m009
2013/08/03 56507.753 12.15 (0.04) J REM
2013/08/06 56510.760 12.08 (0.02) J REM
2013/08/16 56520.850 11.96 (0.03) J REM
2013/08/17 56521.774 11.90 (0.08) J NTT+SOFI
2013/08/29 56533.700 12.00 (0.07) J NTT+SOFI
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2013/09/05 56540.751 12.05 (0.03) J REM
2013/09/07 56542.918 12.09 (0.08) J REM
2013/09/17 56552.719 12.13 (0.04) J REM
2013/09/19 56554.733 12.20 (0.07) J REM
2013/09/23 56558.727 12.22 (0.03) J REM
2013/09/25 56560.824 12.23 (0.03) J REM
2013/10/02 56567.769 12.33 (0.02) J REM
2013/10/04 56569.728 12.37 (0.06) J NTT+SOFI
2013/10/04 56569.736 12.43 (0.11) J NTT+SOFI
2013/10/04 56569.775 12.35 (0.03) J REM
2013/10/06 56571.780 12.37 (0.02) J REM
2013/10/18 56583.663 12.61 (0.02) J REM
2013/10/21 56586.725 12.70 (0.01) J REM
2013/10/24 56589.772 12.80 (0.05) J REM
2013/10/27 56592.784 12.96 (0.02) J REM
2013/11/03 56599.557 13.95 (0.06) J NTT+SOFI
2013/11/03 56599.616 13.98 (0.03) J REM
2013/11/06 56602.622 14.38 (0.04) J REM
2013/11/09 56605.639 14.55 (0.04) J REM
2013/11/12 56608.721 14.74 (0.04) J REM
2013/11/13 56609.745 14.57 (0.09) J NTT+SOFI
2013/11/19 56615.731 14.94 (0.05) J REM
2013/11/22 56618.749 14.93 (0.06) J REM
2013/11/26 56622.562 14.92 (0.05) J REM
2013/12/10 56636.542 15.06 (0.12) J NTT+SOFI
2013/12/15 56641.572 15.33 (0.07) J REM
2013/12/18 56644.615 15.32 (0.07) J REM
2013/12/21 56647.619 15.37 (0.09) J REM
2013/12/24 56650.640 15.58 (0.11) J REM
2013/12/30 56656.637 15.63 (0.14) J REM
2014/01/01 56658.573 15.83 (0.17) J REM
2014/01/04 56661.573 15.66 (0.12) J REM
2014/01/10 56667.589 15.95 (0.15) J REM
2013/08/03 56507.755 12.12 (0.07) H REM
2013/08/06 56510.762 12.00 (0.07) H REM
2013/08/16 56520.852 11.80 (0.02) H REM
2013/08/17 56521.776 11.68 (0.08) H NTT+SOFI
2013/08/29 56533.702 11.80 (0.11) H NTT+SOFI
2013/09/05 56540.753 11.94 (0.03) H REM
2013/09/07 56542.919 11.94 (0.06) H REM
2013/09/17 56552.721 11.94 (0.04) H REM
2013/09/19 56554.734 12.09 (0.06) H REM
2013/09/23 56558.729 11.98 (0.05) H REM
2013/09/25 56560.826 12.01 (0.04) H REM
2013/10/02 56567.771 12.05 (0.05) H REM
2013/10/04 56569.730 12.08 (0.10) H NTT+SOFI
2013/10/04 56569.777 12.09 (0.05) H REM
2013/10/06 56571.782 12.16 (0.03) H REM
2013/10/18 56583.665 12.46 (0.09) H REM
2013/10/21 56586.727 12.53 (0.04) H REM
2013/10/24 56589.774 12.71 (0.04) H REM
2013/10/27 56592.786 12.88 (0.04) H REM
2013/11/03 56599.559 13.64 (0.09) H NTT+SOFI
2013/11/03 56599.617 13.61 (0.05) H REM
2013/11/06 56602.624 14.32 (0.11) H REM
2013/11/09 56605.641 14.15 (0.09) H REM
2013/11/12 56608.723 14.22 (0.11) H REM
2013/11/13 56609.747 14.25 (0.09) H NTT+SOFI
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2013/11/22 56618.750 14.71 (0.11) H REM
2013/11/26 56622.564 14.66 (0.08) H REM
2013/12/10 56636.535 14.59 (0.08) H NTT+SOFI
2013/12/15 56641.573 15.07 (0.15) H REM
2013/12/18 56644.617 14.99 (0.10) H REM
2013/12/30 56656.638 15.26 (0.18) H REM
2014/01/01 56658.574 15.32 (0.18) H REM
2014/01/04 56661.575 15.68 (0.31) H REM
2014/01/10 56667.591 16.03 (0.30) H REM
2013/08/03 56507.744 11.99 (0.04) Ks REM
2013/08/06 56510.745 11.89 (0.04) Ks REM
2013/08/16 56520.905 11.78 (0.12) Ks REM
2013/08/17 56521.778 11.61 (0.08) Ks NTT+SOFI
2013/08/29 56533.704 11.75 (0.08) Ks NTT+SOFI
2013/09/17 56552.721 11.78 (0.03) Ks REM
2013/09/19 56554.733 11.89 (0.05) Ks REM
2013/09/23 56558.730 11.79 (0.09) Ks REM
2013/09/25 56560.824 11.90 (0.08) Ks REM
2013/10/04 56569.732 12.07 (0.09) Ks NTT+SOFI
2013/10/04 56569.777 11.85 (0.11) Ks REM
2013/10/06 56571.783 11.93 (0.12) Ks REM
2013/10/18 56583.654 12.22 (0.10) Ks REM
2013/10/21 56586.717 12.25 (0.08) Ks REM
2013/10/24 56589.763 12.81 (0.12) Ks REM
2013/10/27 56592.774 12.61 (0.08) Ks REM
2013/11/03 56599.561 13.61 (0.06) Ks NTT+SOFI
2013/11/03 56599.607 14.07 (0.17) Ks REM
2013/11/06 56602.608 14.24 (0.14) Ks REM
2013/11/13 56609.749 14.14 (0.10) Ks NTT+SOFI
2013/12/10 56636.528 14.29 (0.11) Ks NTT+SOFI
a Optical telescopes and instruments: 1m008: LCOGT 1m at Mc-
Donald observatory, USA; 1m010, 1m012, 1m013: LCOGT 1m at
Sutherland, South Africa; 1m004, 1m005, 1m009: LCOGT 1m at
Cerro Tololo, Cile; 1m003, 1m011: LCOGT 1m at Siding Spring,
Australia; LOT: 1m at the Lulin Observatory in Taiwan; AFOSC:
INAF 1.82 m + AFOSC; SBIG: INAF Schmidt 67/92 cm + SBIG;
NTT: NTT + EFOSC2; VLT: X-shooter Acquisition and Guiding
camera. See §2 for further details.
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